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PREFACE TO SECOND EDITION 


Although the first edition of this book appeared as late as 1938, it has 
become necessary to subject it to a thorough revision. This has been 
brought about by the warm reception that was accorded the first edition 
for which we are extremely grateful ; and secondly, by the fact that the 
field of clinical pathology rapidly changes since new procedures arc 
being introduced constantly. Furthermore, certain laboratory pro- 
cedures of importance were inadvertently omitted. 

As in the first edition, this book is designed primarily for accurate 
and comprehensive teaching of this important subject to students of 
medicine and the interpretation of laboratory findings for the prac- 
titioner of medicine. Therefore emphasis is placed upon tho inter- 
pretation of results. Because of the extensive revision, it has been 
necessary to completely reset tho entire book and the changes are mainly 
the addition of new material, particularly new procedures that have 
been introduced in the last two years. Thus, there is on entire chapter 
on the determination of vitamins and hormones by Dr. Emmerich von 
Haam of Ohio State University. The chapter on serological procedures 
in the diagnosis of syphilis has been completely rewritten and enlarged 
by Dr. I. Davidsohn of Rush Medical School, Chicago, 111. 

In the section on clinical chemistry new and valuable laboratory 
procedures have been incorporated, including the determination of 
amylase and phosphatase in the blood and sulfanilamide, sulfapyridinc 
and sulfathiazol in blood and urine. In the chapter on liver function 
tests will be found the phcnoltctraiodophthalcin (iso-iodeikon) test. 

Throughout the entire volume, our associate, Dr. Elizabeth Gambrell, 
has completely revised all material pertaining to bacteriological proce- 
dures and this will be found interspersed in various sections throughout 
the book. This includes new procedures for anaerobic cultivation of 
bacteria, the preparation of autogenous vaccines, a new section on the 
preparation of valuable and wdely used culture media, particulaily 
ones more recently introduced for isolation of organisms of the colon- 
typhoid-dysentery group. The section on blood cultures has been re- 
written including methods for arterial puncture. 

In the field of hematology new material is incorporated on the ex- 
amination of the bone marrow, the absorption tests for infectious 
mononucleosis as well as two new color plates on spectroscopic examina- 
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tion of blood and urine for hemoglobin and its derivatives. Also there 
is a new section on the role of vitamin K and tlic determination of 
prothrombin in the blood. 

Under miscellaneous laboratory tests will be found methods for ex- 
amination of seminal fluid and the quantitative Friedman test. There 
is a complete section on skin tests including those that are employed 
in Brucellosis, the skin tests for trichinae and echinococcus, tuberculin 
test, and the Dick and Schick tests. The precipitin tests for animal 
parasites is described as well as the digc-stion method for trichinae. A 
chapter of unusual value by Dr. von Haam is that on the diagnosis of 
venereal lesions, including all of the widely approved methods for the 
diagnosis of the chancre, chancroid, granuloma inguinale, lymphopathia 
venereum, venereal fuso-spirochetosis, and the gonococcal lesions. 

The illustrations of this edition have also undergone a tliorough re- 
vision being increased in number from 240 to 257 which includes 34 
full page plates, 23 of which arc in color. Although the total number of 
illustrations have been increased by only 17, actually there liavc been 
added 47 new Bgures. 

In the preparation of material for this edition we express our indebted- 
ness to those who have been of invaluable aid. Among these arc Dr. 
Evangeline Papageorge of the Department of Bio-Chemistry in the 
Emory University School of Medicine wlio prepared all of the solutions 
of hemoglobin and its derivatives from which the color plates of absorp- 
tion spectra were drawn. We are also indebted to Miss Blanche Lock- 
ard, assistant in Bacteriology and Pathology at the Emory University 
School of Medicine, for numerous suggestions and criticism; to Miss 
Emily Harris, graduate student in the Department of Pathology and 
Mrs. Herma Gibson, secretary in the department, for untiring efforts 
in the preparation of the manuscript. The new illustrations for the 
most part have been prepared by Miss Frances Baker. We would be 
remiss in our duty if we failed to express appreciation to our colleagues 
who are contributors to this volume for their enthusiastic cooperation 
in this work. 

Roy R. Kracke 

Francis P. Parker 

Emory University, Ga. 
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CHAPTER 1 


PREPARATION AND STAINING OF BLOOD FILMS: 

VENEPUNCTURE 

By a. J. Miller 

PREPARATION OT THE FILM 

General Considerations. Blood may be prepared for microscopic 
examination in several ways. It may be examined in its fresh state, 
unaltered by staining, by placing a small drop on a plain glass slide, 
placing on a cover glass and then sealing the edges with petrolatum 
to prevent evaporation. In this way the red cells may be observed in 
their natural state, certain parasites may be detected, particularly those 
that are motile, and motility of white cells may be studied, especially 
if the preparation is kept at body temperature during the examination. 
Furthermore, a drop of blood may be mixed with neutral dyes such as 
neutral red and Janus green, and studied in a similar way. This is 
known as intravital or supravital staining. Certain cells may be iden- 
tified by the amount and type of dye taken up and by its distribution 
in the cytoplasm of the cell. Also some idea of the functional capacity 
of white cells may be obtained by such methods. When a drop of 
blood is mixed with a solution of cresyl blue, the reticulum of young red 
cells becomes stained thus identifying the cell as a reticulocyte. 

For routine studies, however, blood is nearly always examined by 
preparing a thin film on a glass slide, and this stained with one of the 
Romanowsky stains. In this way the cells arc spread in a thin film over 
a large surface and each may be studied individually. The blood film 
may be examined either stained or unstained. The stained film may 
be used for the differential leukocyte count, in which the various white 
cells arc studied, classified, and tabulated; to determine morphologic 
alterations in the erythrocytes; for counting blood platelets, and search- 
ing for parasites, particularly those of malaria, trypanosomes and filaria 
Furthermore the dried blood on a film may be dissolved in water and 
used for some of the agglutination tests. Thus the method of smear- 
ing and staining blood has come to be one of the most important pro- 
cedures in laboratory diagnosis. Blood films should be made with 
careful attention to details of technic, rince no examination is quite so 
unsatisfactory as that of the poorly prepared blood film. A good blood 
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film should cover the middle third of the slide, with a gradual change 
from a thick to a thin portion, and should contain an even distribution 
of leukocytes. To make such a film no more than one-fourth of a drop 
of blood should be used. 

Obtaining the Blood. Since only a small amount of blood is required 
for blood films, this usually is obtained from puncture of the side or ball 
of the finger, the lobe of the ear, the heel or toe of an infant, or if vene- 



Fig 3. Same tray aa ahown before It con be constructed by any good car- 
penter with variations to meet the requirements of any particular laboratory. . 
Designed by Clara M. Becton, St Johns’ Hospital, Tulsa, Okla. Courtesy J. B. 
Bippincott Company, from Diseases of the Blood, by Kracke and Carver, 1937. 


puncture is being done for other purposes an adequate amount of blood 
may be expressed from the needle in a small drop on the end of a glass 
side. There is little or no difference in the findings of capillary and 
venous blood. Puncture of the ear is said to be less painful but the 
finger is more widely used since it is more acccsablc and more easily 
manipulated. 

The materials necessary for finger puncture include clean glass slides, 
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a suitable instrument for puncture, alcohol, and cotton. Improperly 
cleaned slides, particularly greasy ones, cause uneven spreading of blood. 
The resulting irregular bare areas give the film a moth-eaten appearance. 
Slides should be washed first in warm soapy water, then in 95 per cent 
ethyl alcohol and finally cither stored in clean alcohol or dried wdth a 
lint-free cloth and kept in slide boxes. This technic is particularly de- 
sirable when making films from extremely anemic persons since such 
blood usually forms bare retraction areas. Various instruments have 


mger 

acd 

loses 




Fig 5, A eatisfactory instrument for Bnger puncture which consists of a small 
bottle containing alcohol with a cork stopper through which is placed a slender 
Bard-Parker knife blade which projects sufficiently to make an incision oi the 
desired depth One mb of a pen point can be broken off and the remainder 
projected through a cork in a similar manner. 

been used for making the puncture. In general it should be sharp, free 
from rust, have a cutting edge, and be kept sterile. A small lancet that 
makes a linear incision of from one to three millimeters is satisfactory'- 
Puncture should not be more than two millimeters in depth. Some ia- 
struments have an adjustable guard that allows the point to project only 
a certain length. This is good for a novice since it permits a hard stroke 
with no danger of puncturing too deeply. Others are spring lancets that 
work on a similar principle. The Hagedorn needle is excellent. A sharp 
pointed Bard-Parker blade with the tip projecting through a cork is 
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quite satisfactory. The cork can be kept in the alcohol bottle and the 
sterility of the point is always assured (See Fig. 5). Also one nib of a 
sharp pen point may be broken off and the other pushed through a cork 
in a similar manner. It is not advisable to use round needles or pins 



Fiq. 6. Showing method of puncturing the side of the middle finger to obtain 
blood. The ball of the finger can also be used. Note that the operator holds the 
finger tightly after having stroked it to promote circulation 



Fig. 7 Making light pressure around the puncture wound and showing the 
welling up of a drop of blood The first drop should be wiped avi ay, the finger 
surface completely dried so the drop will ‘'stand” instead of flowing over the 
finger. 


for finger puncture since the hole is small and round, often too deep, 
closes quickly and very little blood will flow from it 
The cut should be of such length and depth that blood will not spurt 
nor drip from it, but should be suffident to permit several drops to be 
expressed wth little pressure about the wound. If it does not flow 
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freely there ^Yill result admixture with tissue juice with resulting erron 
in the preparations to be examined. 

The finger should first be sterilized well with 70 per cent or 95 pei 
cent ethyl alcohol on a' cotton pledget, and then dried before the punc 
ture is made. The finger is held with the left hand and can be strokc( 
or “milked” to promote circulation. If it is cold it should be immersec 
in hot water in a basin or under the tap and rubbed briskly. Pressun 
proximal to the puncture site producing congestion will lessen the pain 
If sticking the ear, hold the lobe between the finger and thumb of th( 



Fig. 8. Showing method of puncturing the lobe of the ear to obtain blood. This 
is said to be more painless than finger puncture. 

left hand, and steady the right hand holding the puncture instrument 
against the cheek of the patient 

After the puncture a drop of blood will well up from the wound. If 
the skin surface is dry it T\ill “stand” in a large drop and not run over the 
side of the finger. If the surface is wet it usually flows over the finger 
of both patient and operator. The first drop is wiped away with a 
piece of cotton and gentle pressure is exerted proximal to the puncture 
wound expressing a smaller one for the specimen to be placed on the 
slide. 

Transfer of Blood to Slide. Carefully touch the bottom surface of 
a clean slide to the drop of blood, leaving a small drop near one end 
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where the film begins. The slide is then held in the left hand or placed 
on the table top with the drop of blood uppermost. A second or 



Fio 9. Appearaaceofdropofbloodonlobeofesr 



Fio. 10 Placing drop of blood on the bottom surface of a clean glass slide. 
The drop should be small and placed near the end of the slide. 

“spreader” slide the end of which should be smooth, is then grasped 
between the fingers and thumb of the right hand and its end brought in 
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contact with the drop of blood. The blood then spreads laterally in the 
angle of about thirty degrees that is formed between the two slides 
After it has spread across, the spreader slide is pushed fonvard to the 
end of the blood slide pulling the layer of blood behind it. In this way 
the blood spreads in a thin film and is dragged behind the edge of the 
spreader slide. It is important that the end of the spreader slide back 
into the drop so as to pull the blood rather than pushing the blood 
with the crushing of cells that would result. 



' the clean slide that is to be used as the spreader 
Note that it is held by the edges between thumb 


The spreader slide should be pushed wdth a steady slow’ movement. 
Unsteady tremors result in waves and ridges in the blood film. Th® 
thickness of the film depends on two factors, the speed of the spreader 
shde, and the angle at which it is held. | The greater the angle the thicker 
the film and the faster the speed the thicker the film^ Since blood 
films should be thin, the angle should be small and the rate of spread 
should be slow’. A proper angle of the slide results in a more even dis' 
tribution of leukocytes. A suitable blood film should have a very thin 
area at one end and one relatively thick at the other with gradations 
betw’cen the two. For detailed morphology the thin end is used and in 
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searching for scarce parasites as in malaria and for leukocytes that are 
infrequent as in agranulocytosis, the thick portions are satisfactory. 

In searching for malaria parasites thick films can be made, but it is 
then necessary to dehemoglobinize the film before or during the staining 
process. For details of this see p. 224. 

Blood films should be allowed to dry in the air This requires only 
a few seconds or a minute Heat should not be used. The smear can 



then be labeled with the date and name of patient by writing on the film 
with a piece of glass such as the comer of another shde, or with an ordi- 
nary pencil' in the thick part of the smear. Blood films should be 
stained immediately or within a few hours after they are made. Old 
smears do not stain well presumably because of the hardening and drying 
of the plasma between the cells so that the entim film may appear 
discolored. Two or more films should be made from each patient. If 
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these are not to be stained immediately, they should be turned face 
downward on the table for protection. One fly, in a few minutes, can 
eat the blood film from a slide or so damage it that it is unfit for ex- 
amination. 



C 


Fio. 13. A Showing how the blood collects behind the edge of the sprea 
slide when the angle between the two slides is small. B. Showing bow bh 
collects in front of the edge of the spreader slide when the angle is too gr( 
C. Showing the direction in which the slide is moved to make the blood film. 

In preparing thick films for malaria a large drop of blood is placed 
the center of the slide and gradually spread to the size of a ten ci 
piece, using a comer of another slide, a toothpick, or glass rod ii 
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rotary motion for several minutes until the spread is firmly adherent to 
the slide. This prevents it coming off during the staining process. 

Fixation of Blood Films. Blood films should not be fixed ivith heat, 
because of resulting distortion of cells. Either methyl or absolute 



ethyl alcohol for one or two minutes is an excellent fixing agent. The 
fixing agent should contain no water. If a stain is u^d that is contained 
in methyl alcohol the fixing and staining is then carried out simultane- 
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ously. This is the case in Wright's stain and most other Romanowsky 
stains. In the Giemsa method it is necessary to first immerse the film 
in methyl alcohol before staining since this stain is in aqueous solution. 
In thick smear staining for malaria parasites it is necessary to first 
fix the films before the hemoglobin is removed with water or other 
agents. 

Cover Glass Method for Blood Filins. Some workers prefer blood 
films on cover glasses rather than glass slides. It is said that cover 
glass films are thinner, give a more even distribution of leukocytes, 
cause less distortion of cellular elements, and in general arc more satis- 
factory. On the other hand, they are more difficult to prepare, more 



Fig 15. Showing method of labeling a blood smear by writing on it with an 
ordinary lead pencil. 

easily broken, more trouble to stain and mount, and if not done by one 
who is expert, the average preparation is not as good as that on a slide- 
First place a small drop of blood on the surface of a square cover glass 
(No. 1, I inch) which has been carefully cleaned and brushed free from 
dust and lint. Then drop another cover glass upon it. The blood will 
then spread in a thin film betw'een the two glasses The drop should 
be of such size that the film does not quite reach the edges of the glasses. 
Then at about the time when the blood has reached its maximum spread, 
the two cover glasses are pulled apart in a plane parallel to the surfaces, 
holding them by their diagonal comers. They are then placed blood 
side up to dry, after which they arc stained and mounted wdth balsam 
on slides with the blood side either up or down. If the cover glasses are 
thick (No. 2) mount with blood side up so the oil immersion objective 
can be used. . ' 
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There is also a method for making blood films that utilizes one slide 
and one cover glass. The drop of blood is placed on the slide and the 
cover glass dropped on. After the film has spread, the glass is pushed 
the length of the slide. An old method was to place a drop of blood on 
a slide, cover it with a cigarette paper, allow the blood to spread, and 
then drag the paper the length of tlie slide. 

STAINING BLOOD FILMS 

General Considerations. Blood films are stained with aniline dyes 
of both acid and basic types. According to McClung aniline dyes arc 
classified according to their chemical behavior, as basic and acid. Basic 
aniline dyes are those having the staining radical in the position of the 
base in a salt and therefore, liicy stain the acid parts of the cell like the 
chromatin and nucleus. Acid dyes, on the contraiy, are those in which 
the radical is* in the position of the acid in the salt, and they stain the 
basic parts of the cell such as the granules in eosinophils. Botli types 
are employed because certain structuresin the blood arc acid in character 
and others are basic. Thus the cellular elements that contain chromatin 
material such as nuclei take the basic slain and arc said to be basophilic 
in character, yet they are actiially ac»d in reaction. Tliose that take 
the acid dye are said to be acidophilic or oxyphilic, and if eosin is used 
as the acid dj^e, are said to be eosinophilic. These structures, however, 
are actually basic in reaction. From these characteristics many of the 
white cells derive their names. 

The best and most nndcly used dyes are methylene blue which is 
basic and eosin which is acid. When the two are mixed in a single 
solution, it is then referred to as a “Romanowsky" stain because the 
Russian physician, Romanowsky, originated the method of combining 
the two dyes. Also such preparations are called polychrome methylene 
blue stains, because of the varied color reactions produced in different 
cells (polychrome: many or different colors). 

Of the various stains of this class the best known, are those of Wright, 
Giemsa, Hastings, and Jenner. There ate many others, but all utilize 
the same principle. Wright’s stain enjoys wide use in this country, 
but the others are employed mainly in the European countries. For 
routine purposes in the study of blood, Wright’s stain is simple to use, 
is an excellent stain, and is satisfactory for practically all purposes. 

Staining with Wright’s Stain.. Tlie stain can be prepared in the 
laboratory or purchased from laboratory supply houses, either in the 
form of a powder to be mixed with the solvent or in the prepared solu- 




Fig. 7. Diagram to show the extent of colon removed for ulcerative colitis 


raised from the wall of the pelvis and sewn over the reconstructed area 
so as to render it extraperitoneal, a manteuvre suggested to me by my old 
chief, Wilfred Trotter. He never had the opportunity, he told me, to per- 
form it himself, but I have used it in hundreds of cases of colon surgery. 
Provided the re^on is drained any leakage that might occur is extra- 
peritoneal. For drainage I prefer the Babcock stainless steel sump- 
dram with continuous gentle suction. 

Another method of anastomosis is end-to-end with a tube passed 
either through the anus and thence through the anastomosis or, as 
Aylett does, by bringing a knuckle of ileum to the surface to form a 
temporary safety opening. 

A third method is to close both ends and anastomose ileum to rectum 
side-to-front. 
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My colleagues and I have now performed total colectomy plus ileo- 
rectal anastomosis on eighty*one patients (Table VII). A large proportion 
of these were desperately ill and though the mortality was 9'3 per cent, 
this is very much lower than if no surgery had been undertaken. 

TABLE Vll 
UtCERATlVE Cotms 
Gordon Hospital 1947-1956 


Total cases . .. . 567 

Number operated . . 86 

Total colectomy+ileo-rccial anastomosis ... 81 

Total colectomy 4-removal of rectum 2 

Operative mortality . 9-5 per cent. 

In two others the rectum had to be included and they are the only two 
with permanent ileostomy. 

In this group of cases, even more if possible than in all colon surgery, 
the greatest attention must be paid to the avoidance of electrolytic 
imbalance, and to their difhcuU and often worrying post-operative care. 



F'a 8 neosrectai anastomosis completed and Babcock sump dram in position. 
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In cancer of the colon the object of the surgical manccuvrc is to ensure 
the removal of the widest possiMe area of lymph drainage together with 
not only the tumouf*bcaring port ion of the bowel but also all of the colon 
which is supplied by the vessels which have to be ligated. Because the 
lymph vessels run with and the lymph nodes he with the arteries, removal 
of the most extensive lymphatic jieJd entails iigation of the main arteries 
as close as possible to their points of origin. 

Another point in technique worthy of note is the placing of clamps on 
the bowel at the earliest possible lime to prevent cancer cells being 
disseminated in the lumen and later incorporated with the stitches at the 



Fig 9 Area of rcsccuon for cancer Fig 10 Area of resection forc^ten- 

ofcaccumandascendinBcoJoft sivc growrh at hepatic flexure and 

ngM side of transverse colon. 


anastomosis. If the growth is within reach of the sigmoidoscope it is 
useful to pack, some cotton wool through this tnstrument up against the 
growth. If that is impossible, a large tube may be passed well into the 
rectum, and a thorough washout of the bowel contents carried out 
immediately before clamps are applied. It would appear that cancer 
cells are best destroyed m the lumen of the bowel, or for that matter 
in the fat of the abdominal wall, by a solution of 1-500 perchloride of 
mercury, as enunciated many years ago by my old chief Emest Miles. 

With regard to the method of anastomosis : with the advent of intestinal 
antibiotics, end-to-end anastomosis appeared satisfactory, but it does not 
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avoid the small but highly dangerous mesocolic bare areas. Although 
end-to-end anastomosis is sometimes used, in the main reliance is placed 
on a careful four layer invagination of both colon ends followed by a three 
layer side-to-side anastomosis, utilizing two peritoneal aspects of the 
bowel leaving no cul-de-sac and avoiding the mesocolic bare areas. 
When the anastomosis is between small and large intestine it appears 
best to make it end-to-side. Following a nght or a left colectomy the 
anastomosis usually falls comfortably into the right or left colic gutter 
respectively, where it may easily be covered by a flap of peritoneum 
raised from the abdominal wall. 

Cancer of the caecum and ascending colon (Fig. 9.) requires division 
of the right colic and ileocolic arteries at their origin from the superior 
mesenteric artery and the right branch of the middle colic artery at its 
ongin. The whole of this blood and lymph field is removed together with 
20cm. of small intestine, caecum ascending colon and right half of trans- 
verse colon. Anastomosis is end-to-side with extraperitonealization and 
extraperiotoneal drainage. 

A growth at the hepatic flexure or right side of transverse colon (Fig. 
10) requires a wider excision because the middle colic artery must be 
ligated at its origin from the superior mesenteric artery and the whole 
of that blood and lymph area removed, namely the whole colon down to 
the commencement of the pelvic colon. Anastomosis is end-to-side, 
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F«S' ! 3. Area of resectioa for cancer 
of peJvi-reclal Junction. 

ileum to upper-end of pelvic colon with peritoneal flap and extraperitonea! 
drain. 

For cancer of the transverse colon or splenic flexure (Fig. 1 1) the middle 
colic artery must be divided at its origin from the superior mesenteric 
artery and the left colic artery at its origin from the inferior mesenteric 
artery. The whole colon supplied by these two vessels is removed to- 
gether with the lymphatic fields. Anastomosis is made between the 
ascending colon and the pelvic colon. 

The procedure for cancer of descending and pelvic colons (Fig. 12), 
consists of dividing the inferior mesenteric artery at its orgin fiom the 
aorta. The'faowel which it supplies together with the lymphatics running 
with it and its branches arc removed. Subsequently the transverse colon 
is anastomosed to the rectum. Here again extraperitoncalization and 
continuous suction drainage are indicated. 

For malignancy in the pelvic colon including pelvi-rectal Junction 
(Fig. 13), the ideal area of resection is from the left half of the transverse 
colon down to and including the whole rectum, including ligature of the 
inferior mesenteric artery at its origin from the aorta. It must be freely 
admitted however that many patients are thought to be unable to with- 
stand such an extensive resection owing to the greater technical difficulties 
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as compared with the standard abdomi no-perineal excision. The 
advantage gained is the removal of the lymph nodes lying on the first 
inch of tha inferior mesenteric artery. Therefore although in theory the 
extensive operation is ideal, in practice the standard abdomino-perineal 
operation is carried out in many of these cases. 

In spite of the fact that these principles of radical surgery have been 
recognised for several years, cases arc still seen that have had only wedge 
excision which is often followed by early recurrence. 

It is therefore a problem for consideration as to whether all cases of 
cancer of the colon should be treated by total colectomy. 

Hepatic metastases. if the primary growth is removable it should 
always be extirpated, irrespective of the presence or absence of metastases 
in the Uver. Although the case is obviously incurable every attempt 
should be made to remove the primary lesion for two reasons : (I) to 
stop the continual flow of cancer emboli to the liver ; (2) to prevent the 
gradual enlargement of the primary growth with involvement of other 
organs and attendant later obstructive symptoms, pain and sepsis. There 
is no doubt that provided the primary lesion has been removed a patient 
with hepatic metastases lives very much longer than a similar patient 
in whom only a short-circuit operation has been performed and the 
primary left i/t situ. It is unnecessary in patients with fiver involvement 
to carry out the extensive resections as detailed for cases which appear 
curable. In the presence of one or a few hepatic metastases, partial 
hepateciomy is sometimes lusiifiable, cither at the time of the original 
operation or later. 

In cases which have appeared inoperable at the time of the first operation 
and have been treated either by enlero-enterostomy or by a colostomy, 
it is often, worthwhile performing a second laparotomy a few weeks after 
the first to see if by-passing of the faecal stream has resulted in such a 
diminution of sepsis and adherence that the lesion has become removable. 

Surgical results (Table VI!I). The firel series of 892 cases was recorded 
by the British Empire Cancer Campaign and analysed by Colonel Harnett. 
The patients were treated in many different institutions by many different 
surgeons 

The second series of 361 cases occurred in 190 general surgical hospital 
beds since World War II, and the patients were treated by a few surgeons 
who have striven to carry out a wider surgical excision than was the 
custom pre-war. 

The main facts which emerge from these two series arc that the resection 
rale has doubled, mortality rate has halved, and five-year survival rate 
has improved by fifty per cent. 

As Dr. Arthur Alien of Boston has said, ** curability bears a direct 
ratio to early diagnosis and Ireatnaent, and wc must not djmish our 
efforts along educational lines.*' 
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table vm 

Canclr of the Coujs : Rtsmts of Surc.crv 



Number 
of eases 

Resections: 



rive-ycat 

survival 

Major London hospitals 
(Hamett n E.C C.) 
1938-19J9 

892 

311 

percent. 

1 

34 8 


per cent. 

31-8 

Consecutive senes in 190 
sutRical beds 

1945-t956 . 


1 

1 65 7 

1 1 

8'6 

j 48-0 


Resection rjlc has doubted. 
Mortality rate has halved 
Five year survival ra« has improved 50 per cent. 


There is therefore a great need for propaganda, both to the lay public 
and to the medical profession, of the urgency to suspect a colon disease, 
to recognize early symptoms and to ensure immediate reference for 
expert investigation and treatment. 

I feel sure you would not wish me to close without bearing tribute to 
the many great names of those whose memory we revere in this field: 
Paul, Arbuthnot Lane, Moynihan, Grey Turner, to mention only a few. 

1 am indebted to Mr, Lc Fanu, the librarian, and to the photographic 
department of the college, to Dr. Peter Hansell and the photographic 
department of Westminster Hospital, to Miss Hunt and Miss Akester of the 
photographic and medical artist department of the Royal Marsden Hospital, 
and to my colleagues and senior registrars, Mr. Cordon Ramsay, Mr. Allan 
Clain and Mr. Cyril Cooling for the unstinted help they have all given me. 

1 have endeavoured to call your attention to five points which 1 feel 
are of great importance in the study and treatment of the three main 
diseases of the large intestine. 

1. More careful study during hfc, possibly by notification. 

2. Education of the public and the profession in the symptoms of 
these diseases. 

3. Increased clinical and radiological examinations with routine annual 
sigmoidoscopy after the age of 45. 

4. I have stressed the importance of always endeavouring to restore 
intestinal continuity, 

5. For all surgeons to practise more extensive radical operations for 
carcinoma of the colon. 

I am reminded of a few lines from one of G. K. Chesterton’s poems,^ 
in which I have only had to alter one word for my purpose : 

“ The wild thing went from left to ri^t and knew not which was which 
But the wild rose was above him when they found him in the ditch. 
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The nicJsea Hospital for Woiupd and the Rojal 
MaTBden Hospital * have ID44) conducted a Joint 

CUnic to which most of the patients suitable for radio- 
therapy are referred. This clinic haa grown steadiH 
and saliAfactordy. and we believe that it providea a good 
example of the advantage to the cancer patient of coopera- 
tion wlween surRCon and radiotherapist 

K report covenne the early years 1944-46 h-aa already 
hceii piihliRlicd (Blaikley et aL I9.'52) We surrey here 
the patients tre.a!ed in 1933-5Q and compare the reeiilfs 
of treatment of oarcmoina of the cervix m the period 
hefotc the fotmatioii of the Joint Clinic- (1933-43) with 
those obtained since (1944-51) Caaes of cervical*st«inj» 
CftTCinoina and cnrcuioma with associated preprisnej are 
reviewed separately Carcinoma in situ, though menttoned. 
IS not eonsidercd here in any detail 

Before 1944 sutKery was the treatment of choice for 
carcinoma of the cervix, but patients unsuitable for 
ojieration were tre.ited with radium at the Cliel'W’a 
Hospital for Women by the surgroiis without coiiRUlta- 
lion with a radiotherapist . hut, at the diwretion of the 
surgtxms. some patients wore referred for X-ray treat- 
ment Since tlio Joint Phnic was estahlislicd in 1944. 
nru patiPiitH are seen bi both surgeon (J H B } and 
radiotherapist (M. 1,.) together, ami iiiont of the new 
r!VM>s (83%) at the Chelsea Hospital for Women are 
referreil to this cJinir. Radwitlierapy la given to these 
patients at the Royal Marsden Ilospitaf. hut »f the 
number of ease# is excessive, some of the radium insertions 
ate imdeTtahen at the CJiclseii nospit.a1 for Women. 
In imwt cases the patient w cxnnuncd under an.cslhcsia, 
when the RTowth is siageMi cJimc.iUy, a biopsy taken, 
and the final decision made as to the exact ' form of 
Tndialmii tTenllifent. Any slwismii neecssitaiiiii; a cliahue 
m tlic plan «>f treatment w t.-ikeu onl\ after fuU CNiRAnlta- 
tlnn lieiwpen surgeon and r-vdiothempist 

At the Joint t'iinic, radiotherapy is feg.*nled itn the 
UiclhM «>f ehoice for treating nearly all ea«j*A «*f cnn'tnnnM 
of the rertix. The tnaln indieatuinA aceept«it for sUTireta 

tIJ H«'eumttT». sfnr rAdi<itJiern}.j. 

tSl !ni{-nsrn'-«l«m> tiT iwl-«]uate *m>|(.>tt>er«{<; of 

t«} sOAloniKsl sl'nirrmshly |>o-5enUnK in.-i rtion of 

rsHmfft, sfv| (r) mUr tufWrtir. m it,.. |«-Ut« 

s>hiT>t re.jmrs stinr-t^ 

• fMit ..9.9,11, «>- fsAw 


The mainstay of radiation tieatnieiit is radium thci 
X*ray therapy being used chiefly .tr a snppleniei 
method 

Treatment 

In principle, patients in stages i and ti are trt 
with radium, a modified Stockholm techimiue being i 
followed by supplementary X-ray therapy directed U 
outer pattB of the parametria and the side ualls oi 
pelvis Usually three radium treatments arc given 
second a week* after the first, and the third two w 
after the second. In stages lU and iv eases X-r.ay the 
18 applied before radium is used, and also nlien the c 
noma is bulky, fungatinp. or baimorrhagic. the jnir 
being to shrink the growth and to control bleeding bi 
embarking on the radium treatment 
Sodium Tccfuiique and Donage 

In most caACs 50-60 mg. of radium is inserted into 
uterine cavitr and 30-70 mg into the vagiiu, Ii. 
cases the uterine source fills the length ol the ca 
and the vaginal sources completely cover all the dis 
m the vault At the same time as much radiatioi 
powuhle is directed toward? the side walls of the pi 
by using as large packets as possible with inaxin 
diateiision Jaterally of the vaginal \-auJt lle.Tlthy tis 
are proioeled by securely ^lacking the radium in posit 
At tho Royal Matsden Hospital, (he Manchester p 
A and B system is not used, because it cannot l>e app 
to the highly individualised Stockholm terlimquo vil 
with its variable r.adinm sources and ivide ningt 
differing radium applicators, pves nse to a set of t< 
lucal conditions which are the exact opposite to thosi 
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_ 

PalkQU seen 

Treated 

hot leva’ 

A'cw paUtnls . 
19U-iZ 
tsti-ai 

19X2-50 

1 

596 

4X7 

3T2 

S79 

«l 

3sa 

17 

16 

4 

Total 

U05 

I3CS 

37 

/{revrrriit etufa ' 

1914-56 . 5t 

,9 

14 


which the Afaiichcster do<»jgr system depends — le. t 
*y«tein of units of radium euntained in special app-Trat 
It iH. therefoTC. impiacticalde lo preserdx.- dr»s.Tgp in ter 
of point A when u«mg our Storklmlm teclmique a 
equipment. 

In these cirrtirnntai»ce>*, mfonnatioii has to be obf.aiii 
about the radium dosage delivered at e.ich ire.atmeuf I 
each patient Fortiinateh il is jw-inlJe. by n«>i«g radi 
graphic locahxulum te«'liiiu{U*>, to nijliuti the iieoe-^'-a 
inforittaiton m the form of n siiigh'-pJ.ine radnim do*.( 
(Iistnhutinn uitliin the giK'R piitiefil's pelvis, nh.ifiT 
il,f wtjibinalion of r.Trliiim tiourrf>i iwd (l.<s}erinan lU.’^ 
Tbe-o tndivnlual dtAtni'UlMins car Im- sumtuMe*! at i 
end of the henes of riihiiin in-.itmems .and a hna) d 
tnhllflon ohl.ilued showing the fi6(Yir |9ridr,-M> sjufa 
within which nil iieopj.astie jiwiie r.iii In* .T«9,jiiie<l to h.» 
iMN-n adequstel.s itTadvafed .k diAiribution of ibut kii 
ps'M a r9-.a»t«n.ifih neciir-stc picture of the («><iiinn at 
extent m a en pelvis of th'' mne « mbraring the ceri iV 
vaginal dl«e^»»^ mIucIi mpim-s no further irradj-jfii 
from any external sourvrs that may W-Au),«-.j,irMiiv u*« 

To dMcrifim** the r.idiuru d<.*ice tec«iMHt bv t(iV i«-i 
pneral tK-xtes ami the tirifbl^rrurini: norm 

s»-cera. dirr«-t mr.t«.irrmetit Miih a r, 

•yeteni C.sn },e tsnJ»rtakej«. l^inee JPifi j},,. ,{,.,3, 
witlim the {lelriA ha* teail ^lirrctlv wtiJ, r prof*. 




COMPARISON OF DESULTS of TREATMENT 

S-YEAR CORE-EATE 
1933-1943 ^aHiil 1944-195! 


FfGVS£S SUOW NOMBER OF CASES TREATED 



t 3 rpe dose-meier (Lederman 1950} in all patients at each 
radinm treatment. No attempt Js made rontmely to 
measure the dose received by the cervicovapnal neoplasm 
because the dose in this region is so high a* to be of 
academic interest only. Attention is focused on the 
outlying pathways of spread of the disease and on the 
healthy tissues, wtiicb must not be damaged. The pomts 
selected for measarement are; the ba«o of the bladder 
and both ureteric openings; the anlenox wall of the 
rectum ; and the inner and outer limits of both para- 
metria. 

Bladder and rectal complications have almost been 
eliminated since this instrument has been used Experi- 
ence shows that these do not develop if the bladder dose 
remains below 6000f and the rectal dose below 400(h‘. 
X-ray Tfehntque 

Armed njth the information derived from the radium 
distribution and the direct pelvic iiieasiirements, supple- 


mentary X-ray therapy can bo given accurately to the 
areas ineffectively irradiated by radium. With X rays 
at 250-400 kV. tumour doses of'3000-4000r can he given 
in 4-6 weeks without severe systemic reactions or high 
rate of comphcations) 

Tationta in stages in and iv receive X-ray tiicrapy 
lirst, applied to the whole pelvis Subsequently radium 
t« used in modified amount according to the response 
to tteatmem. 

Material 

Table 1 lists ail coses seen m 1933-58. and in tables n 
jiid jn all cases seen from } 944-.^ are briefly reviewed m 
eelatiou to age-incidence and tumour lustologv 

In 1944-48 there were no patients aged less than 30 . 
fa 1949-56 there were 17, of whom 5 were seen in 1954. 
The neiag incidence of cervical carcinoma in young 
patients la quite sinking and is shown in table n. 
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TA.BbS V — NEW FATIEKTS NOT TBEATEP i94*-5 


mstology i944-5^ 

A biopsy specimen is taken from the cervix as a routi^ 
before treatment whenever possible. In an exsanguinated 
unfit patient X-ray treatment is given first and biopay 
may be delayed until the radium insertion or the patient 
becomes fit for eiamination under anteatheaia. Scnal 
biopsies during treatment bare been undertaken during 
recent years, but it is difScult to know what eignificanoe 
to attribute to the information so derived. 

In 27 cases treated m I944-6X the biopsy was inade- 
quate for diagnosis. 1 patient (stage ii) has survived 
nine years ; 3 patients with stage-nt disease and 1 
with stage-iv disease died of vnteT?unent disease within 
four years. The remainder all died of carcinoma within 
five years. 


TABLE m — HISTOLOGY 1944-56 


Histolosr 

New 

CABCB 

Recurrent i 
caers 

Tntol 

SqUBtnouB carvvivoinsv 
AnaplMtlc carclEORiA 
Afieaocarcinoma 

Afieno- end sfluamona cer- 
clnoviA 

Not confinned 

451 

68 

49 

a 

38 

37 

6 1 
» 1 
0 ' 
16 

678 t7«6%) 

74 t* 6%) 

54 <« 4%) 

3 (» 

54 iiJ%) 

Total 

809 

54 

863 


Staging 

The attempt was made to stage all the cases according 
to the international method adopted in IS60 (Heyman 
1955). The staging in the three serlee shown in table iv is 
not strictly comparable in spite of reviewing the 1933-43 


TAStE rv — stAOE-nistBiBimoN or tbeateo batibnts 



1933-4.8 1 

1944-5t 1 

1952-56 

ill 

iaa<2i 0 %) 
193 (44 0%) 
198 {44 9%) 

47 

7(/C%J 

97 (23 4%) 
m{y5«%) i 
101(240%) ; 

siU<rJ 

100 <r7 e%) 

155 (fS 1%) 

80 {2-1 r%» 

33 (9 6%) 

Total 

579 

4«l 1 

568 


cases; in. particular, some cases m the 1944-59 group 
which formerly would probably have been placed in 
stag© fir are placed in stage it under the strict interpreta- 
tion of the international staging 


Untreated Cases 

It is exceptional for a patient inth advanced cancer 
of the cervix not to be offered some form of treatment 
even though purely palliative. Hefusai to accept treat- 
ment or a moribund patient are the usual reasons for 
not giving treatment. In 1933-43, 18 patients were 
untreated becauao of advanced disease, and I patient 
^ith stage-n cancer refused, whilst as shown m table v, 
in 1944-51 18 patients were untreated, hut only 9 of 
them because of the advanced stage of the canc<>r. 


Results of Treatment 

Tables vi-ix show the rcsolta of treatment In lh« year 
1933-43, and tables x-xiii the results obtained aftei 
wUing up the 3oint Consultation Clinic (I944-5J) 
The result© for both periods are compared in tlic accom 
panying figure. 

Tables i% and xin show the results of treatment ot!»»i 
than U'ertheim*© hysterectomy or radiotherapy Thew 
include c.ws opetale^l on for rondilion* other Ihar 
carcinoma when the diagnosis of malignancy was no! 
made until histological eiamination. In 
,rrc a!.o 3 .nl.m, 


stage Kmnber 


Reasou 


1 . ■ 
n 
m 
rv. 


0 Nil 

3 All refused treatment 

1 Refused treatment 

19 1 died before trefttmeat was s 

1 unfit ; 1 refused ; in 9 tbe i 

was too advanced 


tabu; VI — KB8UI.T8 OV ALL TKEATMENTS 1933-43 
(596 patients seen, 579 treated) 




S8 6% 
27-7 
15-2 % 
13 8% 


lymphadenectomy. Pelvic exenterations are don 
CheUea Hospital for Women mainly for recurrent c 
noma, and often where the primary treatment has 
given elsewhere. In 1944-61 16 exenterations were d 
9 total and 7 antenoT. Only 3 of these patients surv 
5 years. 

Radiotherapy 

The results of radiotherapy m 1933-43 were bad 
are a direct reflection on the poor technical stani 
of radium therapy then existing and tbe complete 
of correlation between radium and X-ray therapy, 
results ol surgery were considerably better thaii tl 
obtained by radiotherapy, 40-9% acainst 26*4% 
stages I and ii. The results of Wertbeun’s hysterectr 
were reasonable for that time. 

The period 1944-61 nas characterised by a very g 
improvement in the tadiotberapy results, the aurvi 
rates being doubled from 19 .5% to 38%. In the s, 
penod the surgical results also improved (from 40 
to 63 5%) but to a much less striking extent— -o.g., 
stage 7 and stage n radiotherapy results Increased fr 
26 4% to 51-2%, whereas in the same period the reai 
of Werthcira'e hysterectomy for the samo stages impro 
from 40 9% to 561%. 

One feature of the radiotherapy results is, on t 
surface, driturbmg and merits special comment 


TABLE V1I~RBSULT» Or RAPIOTnEHAPr 1933-43 
(43Q cases) 



No. 

treated 

Ahre for 
5rr. 

Lost fa 
Syr. 


ill J ! 

UiwUsed . , 

i« 

119 

177 

45 

19 

34 

94 

« 

* 

f 1 

33 4*, 

4 •"'1 II 

am 

53 ) 

ai 

2f-*5V 

A«., 

419 , 

81 

*1 

:L*-r‘V 



tlifi laaM' 







Bv rr '' 

« 

a 

S 

'T -TT- 





namely, the relatively low survival-rate in stago-i 
cases (1944-51). Tim 60 4% survival-rate obtained in 
stsgfi-i cases is constderaWy be)o«- the 70% for Irnttia-) 
rate reported by other centre.^. A detailed analysis of 
our stage-r cases gives the following information : 

(1) There h ft defindo selection of slagc-i; cbsos for radto- 
thcrftpv Tims, of 07 cases seen m 1044-51 only 48 mens 
treated primarily by radiotherapy. Many of these patients 
were referred only beeauso they N\ero un^uitablo for radical 
surgery beeauso of age, general condition, or the oniiplaalie 
nature of the tumour. 

(2) Of the 48 cases treated by radiotherapy 13 (27%) 

were not referred to tJio Joint Clinic until after witno part 
of their radiation treatment had already liocn given In this 
group there wtiu only 5 survivors after yearr — i.e., 

38'4% (cf. 38 6% for 1933-43). Of the remaining 3-5 patients 
who ivero treated from tho outset by the Joint Clinic, 24 


disease and 7 of cancer, in all tm-so / lam'j Ijh/ 
had eitlior anaplastic or largo bulky tumours ^ 

ircrlheint’s fli/stereclomi/ 

In aasessinc the reaitUa of Wertlicim’a hysterectomy 
the effect of radiotherapy given before or after operation 
must be coiiRidered In 1933-43, 64 of 170 patients 
received radiotherapy, and in 1944-57, GO of 71 patients 
also received radiotherapy. 

Tabic xiv gives the results of Wcrthoitn’e byelerectoiny 
m 1933-51 in detail according to the type of radiotherapy 


TABCC. tX — RESWOTS OF TBEATMEKT OTHER TRAH A BAPIO- 
THEttATY Oil WERTHEUl’s HVaTrRrcTOHY IN 1933-43 
(19 coses) 


8ta«o 

No 

treate<4 

Aliv« 
for yr. 

Lose 

In 5 yf. 

4-yr. «ir- 

VlTttlffttO 


10 


0 


IV 



0 


AU 

19 


8 

26 3% 


Tacts X — BSeVtTS of ail treatments in 1944-,51 


(437 patients seen, 421 treated) 


Stage 

Tela) 

1 No. ^ 
ittoatsd' 

4-yr 

«if- 

Tlral 

1 tjOat 1 

Inlcr- 

currcnl 

aisrasc 

rate 

AtiMlIulo 

Kiiriiial 

rate 

' ST 
lOS 
: 1U2 

1 43 

, 192 

1 101 

31 

61 

S9 . 
1 21 

! 

1 

1 0 

fi 1 
0 1 

02 9% 

*6 4% 
20 «% 

629% 

45(1% 

2« 3% 

J & Ji 1 

1 298 

839 

150 

i 2 

18 

51 9% 

51 *% 


[ *37 

*21 

ni 

1 ’ 

18 j 

*0'6% j 

80 2% 


given. The number of eases was too small to coinparo 
♦lift results before and after 1944. There was - great 
radiiwi wav 
stage t and 

.. ■ y alone was 

34%, but if. radium were used preoperativefy. the 
men to 56% 


stage-i patient and I stage-it patient men oi cuhva,! 
within that time The lymph-nodes were free from 
grow th in the first 2 cases, but were involved in the last 2 
Carcinoma o1 Cervical Stump 
In 1933-56 38 prenotisly untreated eases of stomp 
carcinoma were seen. The total number ol new cases 
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of carcinojn.'i of the corvut during this period was 1405, 
giving an mcidence of 2 7%, the iticldcnce having rj.<eii 
from l'D% before 1944 to 3 3% Rinoe fh.at time, as shown 
in table xv, 

Ape-distrfhution. — The youngest patient was aged 
37 and the oldest 79. The diatnbutiou w as as follow s : 
ARCtjT.) .. .. 30-39 4ft-t9 50-59 00-69 TOorniore 

No. ol putfents ..3 0 16 11 3 


TaRI-E Xl — RESULTS Of lUlMOTHEnAry 1944-51 
(334 eases) 



TABLE XII — RESULTS OF W ETlTHEni’s HYSTERECTOMY 1944-.*l 
|7t ca«es) 


atOK* 

1 No ' 
trenled 

5-yt. 

survival 

[ I.cwt ' 

Inter- | 
eurrenl ' 
il)*en»e 

5-jr. 

aurvivai- 

nle 


1 *3 

S;! 

— 

1 ' 


i( 

S) 

i 

9 

1 


Z 

39 l»o 

1 and II ■ . 

CG 

57 


t 

! 1 % 

.Ml 

( 

71 

36 

: - 

1 

53 5% 


i’orify. — OI the 38. 7 (18%) wore nulllparous; the 
distribution of pregnancies wa« as follows i 
No of nttiroanelM I'tiWiiown Nil I 8 3 4 5 6 

No. nt ixiticulA 2 7976833 


follows : 

K« of revs 


relholoutfol f’lndinj* 


I Tuhercul.nw vyuiMlcim 

12 Not recortlc,! 

4 of the 12 paticnlB whose pathology was not recorded 
stated that hysterectomy for fibroids had been performed. 

Ti»i« fntrrrolj — The tiiue-intcrr.ab between the 
hysterectomy ami the diagnosis of carcinoma were as 
follows • 


> 0/ r 


.Vo 0 / Caws 


t7“ 111 7 3 1 — S ^ i 

6 CnknmiTr 

16-80 6 tvnknmrn 

Rtsulls of rrcnfment.—In 1933-43 Il-patiCnts were 
treated 2 in stage i by Werthcmi's hysterectomy, 

TABLE xiii — hesclts or treatment other than vvertkeim‘8 
nYSTERECTOMY OR BAmOTHERAT-Y 1914-51 
(IB cases) 


curt-eat 

riiseaso 



T-\BLE XIV — KESUtTS OF ^VEHT^EIM“S nySTEBECTOirv 

1933-51 



No. of cases i 

3TfT cur* 

Method 


Staffo j 



: Stage j 



1 

-ip 

■« 

: Total 

t 

II 

III 

Totm 

W'ertheim alone 

46 

30 

% 

81 

16 

to 

: 0 

36 

Wertheim’s hystcr- 

48 

29 

11 ; 

88 

30 

13 

6 

49 


6 



14 





Bftcr operation 

$ 


J . 















therapy after opera- 
tion 

9 

8 

] 

18 

6 

3 

0 

8 


9 by radiotbcrnpy 2 patienta treated by radiotlierapy 
Burvived five years and were still alive after ten years 
In 1944-51 18 patients were treated : 1, a stagc-i case, 
treated by Wertbeim’a hysterectomy, has survived ten 
years ; the remauung 17 were treated by radiotherapy, 
and 5 of these survived five years The results are shown 
in table xvi. 

Carcinoma of Cervix and Pregnancy 
In 1933-56 6 cases of carcinoma of the cervix in associa- 
tion with pregnancy were recorded, and 1405 new cases 
were seen, pving an incidence of 0 43%. Table xvii 
shows details of these cases 

Carclnoma*in-sUu of Cervix 
The diagnosis of carcinoma-m-situ was not in use 
before 1950 5 since then 17 cases have been recorded, 
more than half of them being diagnosed on pathological 
examination following either hysterectomy or arnputa- 
tjon ol the cervix None of these patients has developed 
iovasive carcinoma to date 

Conclusions 

Since the inception of theJoint Clinic in. 1944 the re^ts 
of treatment of carcinoma of the cervix have greatly 
improved. The five-year survival-rate for patients 
treated by Wertbeim’s hysterectomy has risen from 
40-8% for the years 1933-43 to S3 5% foe 1944-51, and 


TAStS XV— IKCinENCS Of CABOnOSIA or CEKVlCAn StOMV 


Period 

Total patients 

Stump 

carcinotnA 

Incidence 

1933-13 . 




1944-56 

B09 

21 

3 3% 

Total , 

1405 

38 

2 7% 


during the same periods the survival-rate for stage-i 
and 8tage-ii cases treated by radiotherapy have risen 
from 26 4% to 51-2%. The two groups cannot be directly 
compared, because the hysterectomy group is selected 
as regards stage-n cases , in spite of this the results 
of radiotherapy are simdar 


TABL® XVI — ^BESVXTS Of TREATMEST OF 8TUJIP CABC3WOMA 


The results of radiotherapy In stage-i ca.«e8 a 
interest because the overall five-year surviv.'il-rat 
60 4% is disappointingly low and show « less improver 
than in the other stages : it has to be compared witl 
figure of 65-1% obtained by Wertheinrs hysterecti 
However, for the radiotherapy group where the t 
ment vras exclusively planned and given at the i 
Climc, the five-year survival-rate is 69% ff ’ 
where death took place from intercurrent diBea.^e 
excluded, the rate is 77% compared with 67% 
Wertbeim’s hysterectomy. It therefore seems 
radiotherapy is not only undoubtedly the correct t 
ment in inoperable cases but also usually the prefe 
treatment for operable cases. 

From the small number of cases reviewed it also s( 
tb.it the reanlta of Wertheim’s hysterectomy are gri 
improved by preoperative treatment with radium. 

The difference in results obtained according a‘ 
whether or not there has been full cooperation bet 
surgeon and radiotherapist is most striking. T 

TABLE XVII— CARCINOMA OF CERVIX ASSOCIATEO 

pREONANcy 1933-56 


Caee 

so. 




DaratioQ 
ot preg- 
nsney 
(weeks) 


Palho- 

loxy 


Treat- nrsuit 
meat press 


1 

2 
I 

4 

5 

6 


193$ 3$ 
1948 33 
194B 38 
mi 40 


I 

II 
II 


to Squamous Wertheun AUTe& 

l| .. „ Died In 

16 .. ,. Alive* 

16 „ TUdiO' UtedlD 

. . therapy 

17 >. Radio- AliTO* 

therapy 

11 AsHplaatic Radio- Alive* 

therapy 


seems to he little doubt that, if the best results are t 
obtained, this type of cooperation must bo fortlirom 
for every case of carcinoma of the cervix 
Finally, w© licliovc that the results obtained w 
radiotherapy by the joint chnic are probably as good 
can be achieved by our present methods, but furt 
improvement should be possible with still greater ind 
dfiahsation of techni«]ue and the increased availabiht 
apparatus m tlio supervoltage or mega voltage range 


Summary 

The cases of caremoma of the cervix .at the Cliel 
lloapital for Women in 1933-56 are reported 

A- joint comultation and treatment chnic. under t 
car© of a surgeon of the Chelsea Hospital for Women a 
a radiotherapist of the Itoyal Marsden Hospital, w 
established in 1944. fsince that time patients treated 
radiotherapy have been transferred to- the Ro.% 
Mamden Hospital. The five-year re=iuUs for 1933- 
aro compared with tbos© for 1944-51 and discussed. 

The cases of stump carcinoma and of carcinoma as.' 
ciated with pregnancy are also revlen ed. 

tVe wish to thank all those surgeons of Ciiclsca Hospital ( 
Women, Lewisham, The afft>day, and other hospitals f 
tfacir cooperation and encouragement in rcrcrnnc nntici 
to the Joint ainic. 

Our thanks are also due to Mr. A. J. Bailoi- for I 
illustration 
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I iNTnODVCTION 

The treatment of leukemia is still dominated by two facta: (1) pallia- 
tion alone is possible, and (2) resistance to all known methods of treat- 
ment eventually develops. Thus leukemia remains a fatal disease. Lisaauer 
(1865) was the first to record successful paljiation in chronic leukemia by 
means of arsenic, which is still used. Radiotherapy was first used by Sean 
(1903) , and remains the basis of present-day treatment : the use of benzene 
was introduced by Koranyi (I9l2) and extended by Kalapos (1935). All 
of these drugs were prindpally value in chronic myeloid leykemia. 
The more recent drugs include nitrogen mustard and its allies (Goodman 
el al , 1948), urethane (Paterson ef al,, 1946, 1947), triethylenemelamine 
(Karnofsky cf of,, 1951), Myleran (Haddow and Timmis, 1953; Galton, 
1953a), 6-mercaptopurine (Burchenal cl of., 1953), l,3-bis(ethyleneimino- 
73 



74 
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suIfonyOpropane (Paterson and Kunkler, 1954), and deacetylmethylcol- 
chicine (Moeschlin ct al, 1954). Of these drugs only the nitrogen mustards 
and triethylcnemelamine have been widely advocated in the treatment of 
chronic lymphatic leukemia, though urethane has been sometimes suc- 
cessful (de Vries, 1953). Meanwhile radiotherapy techniques have been 
refined and extended. Lawrence (1954) introduced radioactive phos- 
phorus which is a most effective form of radiotherapy in both types of 
chronic leukemia (Lawrence et ah, 1949; Lawrence ah, 1948), and whole- 
body external radiotherapy was equally useful (Osgood, 1951 ; Osgood and 
Seaman, 1952). Radioactive colloidal gold (Fellingerc/ ah, 1956) and radio- 
active colloidal phosphorus (Hill et al., 1954) have also been tried. Tri- 
ethylene-thiophdsphoramide (Thio-tepa) is a modification of triethylene- 
melamine that has been used successfully in the treatment of chronic 
leukemia (Zarafonetis et al., 1955). 

The relationship between the acute and chronic leukemias is not 
clear and it is therefore of interest that the methods of treatment just 
listed were mostly found to be valueless in the acute leukemias, 6-Mer- 
captopurine is a notable exception. Effective palliative therapy in acute 
leukemia dates from the work of Farber et al. (1948) with folic acid 
antagonists. Subsequently, remissions were obtained with corticotropin, 
cortisone, and hydrocortisone (Pearson el ah, 1949). O-Mercaptopurine 
remains the most useful of a number of purine antagonists tested (Silva 
ei al, 1954). The folic acid antagonists are not useful m the chronic 
leukemias. It is usual to distinguish the group of general and antimitotic 
cell poisons effective in chronic leukemia from the nutritional antagonists 
that are useful in acute leukemia. However, the distinction is not abso- 
lute, since 6-mcrcaptopurinc is active in both the acute and chronic 
forms, and urethane, which perhaps acts as an antimetabolite by in- 
hibiting thymine synthesis (Boyland and Koller, 1954), is inactive in the 
acute disease. Furthermore, it is not known whether purine or folic acid 
antagonism are the properties responsible lor the antileukemic activity 
of purine and folic acid antagonists. But simple destruction or suppression 
of leukemic cells does not account for the remissions of acute leukemia, 
for bone marrow aplasia brought about by the antimitotic poisons listed 
above docs not lead to remission; and hormone-induced remissions are 
not always preceded by an aplastic phase. In acute leukemia remission 
seems to depend on some event other than simple growth suppression. 
But in the chronic leukemias, the antimitotic poisons and ionizing radia- 
tions that are the most effective therapeutic agents are all powerful bone 
marrow rlcprrssanls. Yet the folic acid antaRonista alao damage bone 
morrow but are o[ little value lit the chronic leukemias (Silva ct al 1954) 
X-irradiation of the spleen in chronic myeloid leukemia is followed by 
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in tho. marrow that cannot Ik* a ilirett result of irratHalion 
tUiiimgo {Clunz, 1953). Thus the inechanwm of action of therapeutic 
af;'*nts in hoUi aeuto and chronic leukemias remains o!>Rcnre. 

We iearn froju medical history that for any disease tljo niimhcr of 
rcmediM available ia inversely proportional to tltcir efficacy. The prrsent- 
day .version of polypharmacy hi the treatment of leukemia reminds us 
that we arc far away fnnu an iindcrstandinf; of the fundamental dis- 
turbance underlying this disca.se. In the following account of tlie clinical 
iw‘ of Myleran it is to be unilcrstood that we arc dealing witii no new 
principle in the trcalnu'ut of chronic leukemia, but only with an addition 
to the growing list of palliatives. Myleran merits special description 
because it po-uscsscs certain adi'antages in the handling of chronic mye- 
loid leukemia which blionld secure for it at lca.st a temporary place In 
inunagcment. 

If. 1’ltoni.KM.S OF CuxtCAl. Arswsmkxt 
I. The General }*rohlon 

When the chmeian carric.s out the first trials with a new remedy, the 
problems ho faces are very different from those of the experimental 
biologist. The latter can restrict his inquiry to the simplest is.sueg, though 
almost always these prove to be infinitely more complex than he might 
at hrsl have thought. He can isolate a single factor and by correct use of 
e<mtrols, can study Its behavior under a variety of conditions. Ily using 
pure genetic strains of organisms, he can achieve a high degree of uni- 
formity in the behavior of his material, and can reach greater precision 
by using more animals. When small animals arc used, their sex, weight, 
and age can he j-clcclcd as desired and their diet can be varied at will. 
The clmioian on the other hand has to take his patients as they come, 
members of a mongrel species, with varying social backgrounds, occupa- 
tional, and dietary habits and different histories of previous illness. 
Therapeutic aims vary. One may, for example, study the action of a new 
drug on a particular symptom, ns did Withering In treating dropsical 
patients with digitalis, or Sir James Mackenzie who used the same drug 
in auricular fibrillation. In such studies the patient serves as his own 
control and the method may be compared with that of the experimental 
pharmacologist- The patient himself is also the control in the assay of 
specific nutritional factors whose effects on the clinical and laboratory 
manifestations of relapse arc observed. Lind's studies of scurvy and 
Minot and Murphy’s work on pernicious anemia are classic examples. 
The assessment of remedies in acute infectious diseases with a variable 
mortality requires another approach, that of the controlled clinical trial 
in which patients who are to receive the treatment to be tested are 
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selected at random from a group; the remainder serve as controls and the 
results of treatment are analyzed with respect to specific features such as 
influence on mortality, on incidence of complications, or on speed of 
recovery. This method was used in the early trials of sulfonamides in 
puerperal sepsis and of all the antibiotics. It is the basis of the more 
complex trials of antibiotics and chemicals in chronic infections such as 
leprosy and tuberculosis, or of immunizing agents in diphtheria, pertussis, 
influenza, or poliomyelitis. 

Remedies for incurable diseases may be assessed in various ways. In 
very chronic maladies, different forms of symptomatic treatment may 
be tried successively and their comparative efficacy may be worked out. 
Thus the effects of aspirin and cortisone in relieving the pain of rheuma- 
toid arthritis have been recently studied (Medical Research Council, 
1954). The ability to relieve rigidity and tremor in paralysis agitans by 
drugs like diparcol and artanc was tested in the same way. These reme- 
dies are strictly palliative. The surx'ival of diabetic patients has been 
prolonged by the discovery of insulin which controls faulty carbohydrate 
metabolism. Insulin, like vitamin Bn in pernicious anemia, is an effective 
substitute for an essential substance that the diabetic cannot make. In 
both diseases the cause remains unknown.* Subacute bacterial endo- 
carditis IS a fatal disease of known cause. The value of peniciUm was 
demonstrated by extended trials in which controls were not used because 
of the inevitably fatal outcome in the untreated case. The justification for 
trying pemcillin was that the responsible organisms were known to be 
sensitive in vilro. The trials of streptomycin in tuberculous meningitis 
were analogous. 

In cancer, the justification for surgical extirpation as early as possible 
is the belief that the growth begins locally In the case of cancer arising in 
the more accessible sites the survival rates support this belief but tell us 
little of the conditions under which the surviving patients live. Many of 
them linger on for several years more or less incapacitated by recurrence. 
A more realistic measure of therapeutic success is the recurrence-free rate. 
Once the disease has become generalized, treatment may not prolong life 
but in some instances may render it more tolerable Such treatments are 
castration, hormone therapy, adrenalectomy, or hypophysectomy for 
mammary and prostatic eanccr. From the standpoint of therapeutic 
assessment, leukemia may be regarded as a malignant process that has 
become generalized, and will now be discussed. 

2. SpectoJ Problems of Clintcal Assessment in Chronic Leukemias 
In the acute leukemias, survival has been significantly prolonged by 
modern methods of treatment; yet the disease remains fatal. In the 
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chronic leukemias, cither no lengthening of life has resulted from treat' 
ment (Minot et a?., 1924; Minot and Isaacs, 1924; Hoffman and Graver, 
1931 ; Shimkin el al., 1951, 1053), or a meager prolongation of survival has 
required the most refined statistical analysis to reveal it and cannot be 
attributed with certainty to any particular treatment or method of using 
it. “Ilccent advances in internal medicine, new anti-biotics, adequate 
wliolc blood etc., are all uncontrolled factors which should help improve 
the patient’s survival. The success indicated (referring to patients 
treated by ‘ titrated, regularly spaced total body-radio-active.phosphorus, 
or roentgen irradiation,* Osgood and Seaman, 1952) must be ascribed to 
the total treatment of the disease and its complications (without divided 
responsibility) using all the agents available and not to any single agent 
or part of the treatment” (Tivcy, 1954). Tivey has demonstrated a 
skewed distribution of survival in all scries of cases of chronic leukemia 
analyzed. The mean survival is a misleading parameter because small 
numbers of patients survive far longer than the majority. For both forms 
of chronic leukemia the commonest survival from onset is 2.C years; but 
some patients may survive for many years (McGavran, 1938; Molfit and 
Lawrence, 1949). The shape of the survival curve of chronic leukemia is 
similar to that of malignant’diseasc. When very small numbers of patients 
arc treated, short or long survival of most of them may reflect the un- 
representative composition of the series rather than the effect of treatment 
employed. Tivcy has dc.scribed a method whereby the survival curve of a 
group of patients can be predicted with some accuracy while some of the 
patients arc still living. If a new remedy is thought capable of prolonging 
life, this method might be useful if the treatment is being carried* out 
properly. This is most unlikely during the first years of trial. As long as 
new methods of treating chronic leukemia represent only minor improve- 
ments of existing ones, statistical methods will be necessary to reveal 
increased survival, but the effect of a radical therapy would quickly 
become evident to the clinician. The use of available remedies is better 
justified by their capacity to relieve symptoms and so to increase the 
tolerability and efficiency of life. 

The evaluation of symptomatic benefit largely concerns the patient 
as an individual, though in certain instances controlled studies on groups 
are necessary, for example in the assay of remedies against sea sickness, 
when one group is treated with the remedy under trial, another with an 
existing remedy with which it is to be compared, while a third group 
receives a “dummy” preparation. In leukemia these elaborations have 
no place. The symptoms are successfully relieved or they are not. The 
principle is simple. The practice is complicated by factors peculiar to 
leukemia that will be considered shortly. If the capacity to relieve symp- 
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toms is the sole object of study, then there would be no justification for 
applying the new remedy in symptomless cases, though the investigation 
of capacity to prevent relapse by suitable maintenance therapy in a 
patient already treated would be legitimate. If on the other hand a new 
remedy is to be tested for its ability to prolong life, then the presence or 
absence of symptoms will be irrelevant and the assessment of results will 
depend more on a survey of the group as a whole than on the responses 
of the individual patients. 

Now in the acute leukemias, experience has shown that the signs of 
relapse following a spontaneous or drug-induced remission arc inde- 
pendent of the return of symptoms. Abnormalities are found in the blood 
and bone marroyv weeks before the return of symptoms. These abnormali- 
ties can be corrected by treatment. A child with acute leukemia may 
remain symptom-free for over a year and may have relapsed two or three 
times, each relapse responding to appropriate treatment. Such treatment 
is justified by the increased survival it has brought about. In the chronic 
leukemias, abnormalities also appear in the blood and bone marrow long 
before the onset of symptoms and the effect of treatment designed to 
correct these abnormalities regardless of the presence of symptoms has 
been described by Osgood and Seaman (1952). The difficulties of inter- 
preting the results in terms of the treatment given have been noted above 
(Tivey, 1954). The differences from the results of conventional therapy 
in which treatment is designed only to relieve symptoms do not yet 
appear sufficiently important to justify the routine treatment of patients 
without symptoms whose disease has been accidenlally discovered. 

3 The Three Stages of Chronic Leukemia 
The response to all forms of therapy depends as much on the stage of 
the disease as on the particular treatment employed (Silva et ah, 1954) . 
When a new form of therapy is first described it is therefore very neces- 
sary to define the clinical stage of each case in which it is used 

Although chronic leukemia may develop within a few months of the 
finding of a normal clinical and hematological picture (case "J. A 
Meyer c( al., 1952) it is probably more usual for the symptomless induc- 
tion phase to last several years. This is known from cases in which chrome 
leukemia is discovered accidentally during routine examination for some 
unrelated condition’, and the development of leukemia has been followcil 
in persons exposed to leukcmogenic agents. Thus, Maingot et al. (1938) 
observed the onset of chronic mydoid leukemia over a period of 13 years 
in a radiologist's assistant, while Moloney and Lange (1954) and Lange 
el ah (1954) desenbed the increased incidence of leukemia in the Japanese 
populations exposed to ionizing radiations emitted from atomic bombs. 
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In this case the incidence of frank leukemia increased for 0 ycar« after the 
bombs were dropped, and subsequently declined. In the statLstJcal studies 
cited above, the .■jwmvals were calculated from "time of onset.” This in- 
cludes fiymplomlen.s «*ahC5i discovered by routine examination as well ns 
tho'9e in which onset was dated from time of first appearance of symptoms, 
tint must have preceded it by an unknown period, possibly several years. 
It would be mstnu'tlve to analyze the two group.*? separately. A higher 
pioportion of the longer-survivin#; cases might be found in the symptom- 
less group An unsclwted Kcrics might thus be biased iu favor of long 
survival if it contained many syniptomlcHs cases, as could happen in any 
community whore routine blood counts were performed frequently. It is 
certain, for example, tbat routine blood examinations are more frequently 
earned out in United States than in British clinics. 

Sometimes the first .symptoms appear suddenly in apparently healthy 
persons. Splenic infarction or priapism may bo the first indications of 
chronic myeloid leukemia, while the discovery of an enlarged lymph node 
13 a common way for chronic lymphatic leukemia to present itself. These 
events may he regarded as clinical accidents leading to early recognition 
of loukcmia that might otherwise have remained symptomlcss for months 
or even years. As far as response to treatment is concerned these cases are 
otohcr to the preceding group than those now to bo discussed. 

Insidious onset of iU health is common m chronic myeloid leukemia, 
and may be tolerated for long periods before some added symptom such 
as alulominal pain or the onset of eweals leads the patient to seek medical 
advice. Those symplom.9 arc usually relieved completely by treatment 
and when they recur yield to further treatment. Whatever method is 
employed, a stage is reached when symptoms are only partially relieved, 
when little or no regression of enlarged liver, spleen or lymph nodes takes 
place, and hematological changes, especially increase in hemoglobin, arc 
less marked or are of only short duration. If the treatment is chauged, 
better response may be obtained, and the patient may remain well, 
sometimes for several years But control is precarious, the blood picture 
becomes gradually more “blaslic” or acute myeloblastosis suddenly ap- 
pears. Until recently myeloblastosis was regarded as a rapidly fatal event 
but temporary response lids bcert obtained with G-mcrcaptopurine and 
deacetylmcthylcolcbicine (bcc below). 

In chronic lymphatic leukcmin the course of the disease differs from 
that in the myeloid form The symptomlcss phase may la-st several years. 
A patient without complaints may have generalized lymph node enlarge- 
ment, a high lymphocyte count, and a bone marrow heavily infiltrated 
with lymphocyles. Apart from symptoms resulting from local pressure of 
enlarged nodes, such patients commonly remain fit until they succumb 
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to infection, which is frequent in lymphatic leukemia, or to anemia 
(Wintrobe and Hasenbush, 1939). The infections usually respond to 
antibiotics, but the anemia, which may arise in dilTcrent ways (Berlin 
el al., 1954) docs not respond to radiotherapy or chemotherapy with 
the regularity of the anemia of chronic myeloid leukemia. When it is 
frankly hemolytic it may respond better to such nonspecific remedies as 
splenectomy (Berlin, 1951; Wintrobe ei al., 1954) or to cortisone. One 
patient has been well controlled for over three years on cortisone alone; 
attempts to give tricthylcnemclamine twice resulted in hemolytic crises 
(Nabarro, 1955). Thrombocytopenia, associated with depiction of the 
bone marrow of megakaryocytes is a frequent hazard in this disease and 
hemorrhage resulting from it is a common cause of death Very occasion- 
ally the platelet count improves after treatment with radiotherapy or 
chemotherapy but it is more usual for treatment to depress the platelet 
count still further. Some authorities therefore regard tlirombocytopcnia 
as a contra-indication to treatment ndth bone marrow depressants 
(Silverberg and Dameshek, 1952). 

In both forms of chronic leukemia it is thus extremely difficult to 
decide at what stage radiotherapy or chemotherapy should bo given or to 
establish criteria for judging their value. If the patient has no symptoms 
what exactly is the treatment doing? In lymphatic leukemia both radio- 
tlierapy and chemotherapy will reduce the lymphocyte count in the blood 
and bone marrow and the size of lymph nodes and spleen, but if there is 
no anemia, no pressure effects from lymph nodes or spleen, and the 
patient is ■well, what is the significance of such treatment? Since the 
untreated patient commonly continues in good health for a number of 
years, what is the evidence that treatment defers the onset of symptoms, 
prevents anemia or thrombocytopenia? When these catastrophes super- 
vene, the specific ren^edies arc admitted by most to bo relatively incfTec- 
tive (Silva ci al., 1954; Wintrobe c( al., 1954). Two opposing views arc 
hold. Osgood favors treatment as soon ns the disease is diagnosed and 
feels that subsequent treatment should be designed to maintain the 
leucocyte count below an arbitrary level without regard to the patients’ 
condition. In this way he believes that patients arc kept in belter condi- 
tion and they live longer than when conventional methods arc used 
(O«good and Seaman, 1952) Nevertheless, of 102 of his patients with 
lymphatic leukemia, 50 bail survived 3 years or more before they bad 
begun to receive the method of treatment he advocates (Fig. 3, Osgood 
and Seaman, 1932), and we have already seen from Tivey's work that 
the metlian rurvival from on«ot in unsolected cases was 2.9 years. The 
opposite view is the strictly conventional one according to which patients 
are not treated until they complain of foclinR unwell. Thi.s me-in-s that 



MYliKRAN IN ClIROmc LEUKEMIAS 


81 


treatment ih hogun at varying stages. Some patients are more sensitive to 
minor symptoms than others; in o disease-conscious community, a patient 
who finds a single enlarged node quickly discovers other things wrong 
with himself, real or imagined, whereas a less observant patient may not 
notice that he ha.s many enlarged lymph nodes; a patient in a sedentary 
occupation may feel well with a hemoglobin level of 9 g. per lOO ml., 
whereas a manual laborer will feel unwell with 12 g. per 100 ml. Much 
depends on the attitude of the patient and of the physician. Ileferring to 
chronic lymphatic leukemia, Wintrobc et al. (195-1) state ''some would 
question the need or even the desirability of therapy as long as no anaemia 
is pro.scnt and tumour masses arc not so largo ns to be troublesome. Our 
own attitude Is to treat but to err on the side of too little rather than too 
much. A number of patients managed in this way, felt better and gained 
weight,” 

It is thus clear that the indications for treatment and the criteria of 
success vary widely. This accounts for much of the difRcuIty in comparing 
different accounts of clinical trials of new remedies. When the author 
speaks of “remissions” lasting so many months or years, it is necessary 
to discover what ‘‘remission’* means to him. Some writers distinguish 
between “clinical” and “hematological” remissions, the former presum- 
ably being more pleasing to the patient, the latter to the doctor. In the 
acute leukemias, this distinction is of value but in the chronic forms 
varying degrees of Iiematological abnormality are quite compatible with 
excellent health. Kuttlc (1955) therefore speaks of “period of control” 
rather than of remission In the practice of the writer and his colleagues, 
symptomlcss patients with either form of chronic leukemia are not 
treated. But they are examined at two or three-monthly intervala and 
their blood counts are charted from their first visit. Particular attention 
18 paid to the hemoglobin level and to the platelet count. If the hemo- 
globin level begins to fall, and causes lor this other than leukemia are 
excluded, the patient is asked to attend more frequently, and if the fall 
continues treatment is begun even in the absence of symptoms. In 
chronic lymphatic leukemia a falling platelet count is also regarded aa an 
indication for treatment because whatever form of therapy is used, 
further depression is common in the first three months although subse- 
quent increase in numbers of platelets above the pretreatment level often 
occurs In chronic myeloid leukemia there is a risk of priapism when the 
platelet count excced.s 1»000,000 per cu. mm. (Galton and Till, 1955). 
Continued increase in platelet count is therefore regarded as an indication 
for treatment in symptomless patients. In symptomlesa patients with 
both forms of leuUcima, neither the leucocyte count nor the bone marrow 
picture are considered to give much help in deciding the need for treat- 
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ment, though the leucocyte count is very important in the maintenance 
therapy oi patients who have already recdved treatment. In this respect 
our practice is similar to that of Osgood, but we set no arbitrary limit for 
controlling the leucocyte count. 

4. Relevance of Clinical Results to Fundamental Research 

The ability to relieve symptoms or to prolong life may not be closely 
related to the fundamental disease process of leukemia. Diphtheria anti- 
toxin relieves symptoms and prevents the lethal effects of toxin but does 
nothing to eradicate the infection. In the chronic leukemias especially, 
most of the symptoms are secondary to excessive production of leucocytes 
and are relieved* by agents which interfere with this. The cause of the 
abnormal production may itself remain unaffected. It is thus difficult 
to know how far the results of clinical trials should influence the research 
worker in his efforts to discover more effective antileukemic agents. 
Improvements in the chemical structure of effective compounds that 
might be suggested by the results of clinical trial could lead to improve- 
ments in therapy analogous to those associated with refinements in the 
preparation of antitoxins, without coming nearer to the basic abnormal- 
ity. All the most useful agents developed in recent years havb arisen 
directly from basic studies in growth inhibition and growth metabolism 
but the disordered growth of hemopoietic tissue which is the most obvious 
characteristic of leukemia may prove to be secondary to a disturbance 
unconnected with growth. 


III. The Discovery of Myleran 


Timmis (1948) and Haddow and Timmis (1951) showed that the 
property of biological alkylation could be conferred on the ethyl groups 
in diethylarylamines by the introduction of aromatic sulfonic acid ester 
groups. This property had been previously associated only with the 
di-2-chloroethyl group characteristic of the nitrogen mustards. One of 
the first compounds active in transplanted tumors was (I) 


( 1 ) 




CH,CH,OSO 


'<3 


CHsCHiOSO*^^^ 


CH, 

CH, 


The dimesyloxyalkancs, of which Myleran is a member, represented 
the final step in the simplification of the bifunctional molecule with 
retention of the sulfonic acid ester groups. 
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Mylcmn (11) was soon found to l>e a powerful inhibitor of the trans- 
planted Walker carcinoma in the rat (Haddow and Timmis, 1953). 

(H) CIUS0,0(CIh)40S0iCH, 

Its effect on the Rfowth rate and on the blood cells of normal rats was 
found by Bison to differ markedly from that induced by numerous nitro- 
gen mustards (Elson> 1955). The lymphocytes were irregularly affected 
but the numbers of neutrophils fell progrcs.sivoly for 12 days after a 
•single dose. A progressive anemia developed lasting for 3 weeks. These 
cli’angcs result from a prolonged action on the bone marrow affecting 
all elements, entirely different from that caused by the nitrogen mustards, 
and of a type not previously described (Bison el al, 1935). MyJeran 
damages the gonads of the rat (BoUag, 1953a) and if given late in preg- 
nancy renders the offspring sterile (llollag, l9o-la). Earlier in pregnancy 
qvute large doses do not interfere with its course and the Fi and Fj genera- 
tions are apparently healthy (Gallon and Till, 1953). 

Early clinical trials of Myleran and one of its analogues OT 78 (HI) 
(HI) Cn^0,0(CII,).0S0iCH, 

in eases of advanced mammary and bronchial carcinoma, malignant 
melanoma, neuroblastoma, seminoma, angiosarcoma, fibrosarcoma, and 
Hodgkin’s disease gave negative results. But Ino features were noted: 
first, no patient complamcd of side effects following oral administration; 
second, in every case profound neutropenia ensued (c.g. Figs. 2 and 3, 
Galton, 1953b), but the lymphocytes were scarcely affected. 

These facts suggested the use of Myleran in myeloid leukemia, and the 
first patient, who was no longer responding well to x-rays was treated 
in September, 1950 (ease I, Galton, 1953a). Other reports soon appeared 
(Bollag, 1953b; Turcsson, 1953; Hansen, 1954; Wilkinson, 1953; Klima 
cl al., 1954; Petrakis cl al., 1954; Levin cl al., 1934; Louis et ai, 1954; 
Moloney and Takashi, 1954; Wintrobc ct al., 1954; Galton and Till, 
1955; Kurrlc, 1955; Videback, 1955; Bernard et al., 1935). 

IV. Action or Myleran in Chronic Myeloid Leukemia 
J. Admmistralwn and Dosape, Toxtcily and Side Effects 
Although Myleran can be administered intravenously (Petrakis el al., 
1954), for general use the oral route is better. In nonleukemic subjects 
single oral doses of 2-3 mg. per kilogram of body weight have been given. 
Such doses always caused profound depression of the blood monocyte 
and neutrophil counts, moderate reduction in numbers of platelets, and 
inconstant changes in the numbers of lymphocytes. The first changes in 
the blood count were evident after 1 week and continued for 3 weeks 
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after which brisk recovery followed, accompanied by the appearance of 
immature roycloid cells in the blood. These changes indicate direct toxic 
action on the bone marrow. An analogue of Mylcran, 1,4-dimcthancsul- 
fonyloxyoctane, some ten times less active than Mylcran itself caused 
similar effects rather more slowly (Fig. 2, Gallon, 1953b) and only after 
repeated daily doses lor ns long as 2 weeks had been given. 


lilil 


Fio. 1, Chronic myeloid leukemia. Cose 7. Male, 40 years Blood counts showing 
effects of excessive doses of Myleran. Note severe aeutropema in the fifth month and 
depression of hemoglobin level from the sixth month after the beginning of treatment 


In chronic myeloid leukemia, the leukemic myeloid tissue is rather 
more sensitive than its normal counterpart, as may be seen by comparing 
the percentage depression of mature neutrophils in leukemic and non- 
leukemic subjects following a single large dose of Myleran. Doses of 
2-3 mg per kilogram given in 1-6 days to patients with chronic myeloid 
leukemia were often strikingly and rapidly effective, and were sometimes 
well tolerated; but in 3 cases profound bone marrow depression resulted 
(Fig, 1) which proved fatal in one case (Fig. 2; see also case 1, Bollag, 
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Fig 2. Chrome myeloid leukemia. Case 13 Female, 47 yews. Blood counts showing 
effects of excessive doses of Afylcran. Note delayed and progressive depression of 
hemoglobin, platelets, and neutrophiles Terminally the bone marrow was hypo- 
cellular and myeloblaalic. 
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1953b)- In other cases the use of large d<^s was aBsociated with the rapid 
onset of relapse which proved to be reastant to Myleran. Large doses, 
therefore, are dangerous, and often ineffective. 

A standard daily dosage of 006 mg. per kilogram of body weight 
(about 4 mg daily) has proved to be satisfactory. Symptomatic relief 
and the rate of hemoglobin increase are as rapid at this dosage as with 
the large doses The rates of splenic regression and of the fall m leucocyte 
count are slower but the spleen regresses quickly enough for pain to be 
relieved and a slowly falling leucocyte count is an advantage m the sub- 
sequent management of the case, should maintenance therapy be required. 
Franzen (1954) has used radiotherapy to the spleen in combination with 
Myleran, to reduce the size of the spleen rapidly This is necessary to 
reduce the period of in-patient treatment for patients living in remote 
parts of Sweden. Franzen finds that very small doses of x-rays are then 
effective. Kurrie (1955) found that splenic regression following Myleran 
therapy was no slower than after radiotherapy. 

Mylcran may be given in separate eoui^es, or continuously. At stand- 
ard dosage, a course lasts up to 7 mouths. For continuous therapy, the 
daily dose requirement varies from time to time according to the trend 
of the leucocyte count The smallest maintenance dose that has been 
used ia 0 5 mg daily. Most patients require 1-3 mg. daily. Some need to 
continue taking their starting dose. The leucocyte count begins to rise 
within ft few days of discontinuing the drug, even when administration 
has been continuous for months or years. If the daily dose is raised or 
lowered by 0.6 mg. significant alterations in the trend of the leucocyte 
count are produced. Myleran is not, therefore, a cumulative drug. 

The absence of gastrointestinal upset, even following administration 
of large doses, has already been mentioned. In this alone, Myleran has 
great advantage over most other agents m use. The only side effects 
observed in patients receiving Myleran have been pigmentation of the 
skm in several subjects, permanent amenorrhoea in premenopausal 
women (BoUag, 1953b; Gallon, 19o3a), andmildtransienlgynecomastiain 
2 men. At least one healthy infant has been born to a mother treated with 
Myleran during pregnancy (Dameshek, 19^a), but in view of the possi- 
bility of adverse genetic effects on the fetus, Myleran should probably 
not be given in pregnancy, except after termination. 

S. Tke Untreat^ Pati^t 

Wiien a patient with chronic myeloid leukemia is first seen, it is 
difficuU to predict the course of his disease from the clinical and hema- 
tological fimlings. Patients with apparently chronic disease may follow 
an acute course whereas those thought to be gravely ill who arc treated 
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in the same way may respond extremely' well. Case 22 (Fig. 3) is an 
example of unexpectedly good response in a very sick man. Case 23 
(Fig 4) is an example of smooth response to treatment over a 2-ycar 
period in a patient at an early stage of chronic myeloid leukemia. Similar 
eases have been described elsewhere (Gallon and Till, 1955; Wintrobc 
el al., 1954; Hansen, 1954; Bollag, 1953b; Gallon, 1953a, b). 

Several points of contrast between eases 22 and 23 are to be noted; 

(1) In both cases treatment W'as stopped when the leucocyte count 
had reached reasonably normal levels. By this time both patients were 



Fig. 3 Chronic myeloid leukemia Case 22. Male, 30 years No previous treatment. 
Continuous fllyJeran therapy was necessary /or control. Blood counts showing 
persistance of high immature myeloid cell count. Two years later received deep x-rays 
to the grossly enlarged spleen. 

symptomatically improved, had rising hemoglobin levels, regressing 
spleens But in case 23 the numbers of immature leucocytes in the blood 
had fallen to very low levels, whereas in case 22 they remained high 

(2) In the month after stopping treatment the leucocyte count was 
almost unchanged in case 23 but had risen to 45,000 per cu. mm. in case 
22 In case 23 the patient remained symptom-free without further treat- 
ment for 14 months, whereas the other patient has required maintenance 
therapy throughout 

(3) The spleen in ease 23 regressed during treatment, became im- 
palpable, and began to enlarge slowly during the next year. The spleen in 
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case 22 after initial dramatic regresaon enlarged again in spite of main- 
tenance therapy. Two yearn later this enlargement gave rise to pain, 
■which was relieved by small doses of radiotherapy given in addition to 
Myleran. Only slight regression of the spleen followed. The difference in 
response and ease of control in these two patients probably reflect differ- 
ences in the stage and activity of the disease. Many patients treated with 
Myleran for the first tune, whether they have received other treatment 
previously or not, respond to the drug as in case 2S. They can safely be 
left wjthout further treatment until e\ddence of relapse appears. ‘Their 



Fjo. 4 Chronic myeloitl leukemia. Case 23. Male, 47 years. No previous treatment. 
Excellent coolrol by 2 courses of Myleran in 2 j-eara. Blood counts showj»fr hemo- 
clobin level well maintained 


response to subsequent courses of Myleran will probably be ns satisfac- 
tory as the first but relapse is likely to appear sooner, and these patients 
^siU eventually require continuous therapy if they arc to be maintained 
in remission. Patients with more active disease or in its later stages are 
more likely to respond as in case 22; they tend to relapse quickly when 
treatment is withheld and require continuous therapy from the beginning. 

S. Patxcnli Preciously Trcafed 

The response to Myleran of patients already treated by x-rays or 
other methods again, depends oh the Mage of the dhca.'«. (a) The patients 
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may still be respondinp well, (b) They may have responded well initially, 
and later ceased to do so. (e) They may have responded well but relapsed 
quickly, (d) They may have failed to respond from the beginning. It is 
of course necessary to be sure that adequate treatment has been given; 
treatment is often said to have failed, when it ha.s not been given a fair 
trial, having been abandoned with in.suflicicnt juslificntion. (e) They may 
be in myeloblastic relapse. 

(a) If the patient is still rc.sponding well, and likely to do so again, he 
is equally likely to respond to Mylcran and may react like a patient who 
has not received any treatment. Ca.se 21 (Fig. 5) is a patient who re- 
sponded well to urethane for 1 year, would prohably have done so again, 

1 Hbt 



Fiq. 5 Chronic myeloid leukemia. Case 21. Female, 38 years. Ulood counts show- 
ing response to Mylcran therapy alter treatment with urethane. After one course of 
Mylcran, maintenance therapy was given. 

but was given a course of Mylcran instead because of its freedom from 
side effects. She obtained an excellent remission, was left untreated for 
1 year, and was subsequently well controlled by maintenance therapy 
which she has had for 18 months. Another patient developed priapism 
9 days after starting his second course of radiotherapy to the spleen. 
Owing to the pain provoked by moving him, radiotherapy was abandoned 
in favor of Mylcran to W’hich he responded as well as he probably would 
have done to x-rays. A young married woman lived so far from a radio- 
therapy center that treatment necessitated admission. To enable her to 
remain in her home town, where there arc excellent hematological facili- 
ties but none for radiotherapy, she was given continuous Myleran therapy 
^Yhen she relapsed, and has been in excellent health for 2 years. In these 
cases Myleran w’as substituted for urethane or radiotherapy for reasons 
of convenience only. 
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(b) With conventional radiotherapy to the spleen it is usual for 
remissions to become progressively shorter so that the intervals between 
courses of treatment lessen. Sometimes, however, long remissions unex- 
pectedly occur after a period of supposedly lessening response to treat- 
ment (Ledlie, 1953). If a new form of therapy is given in such circum- 
stances, the ensuing long remission might be attributed to the superiority 
of the new treatment, when in fact fluctuation in the activity of the disease 
process was responsible- In the ease of Myleran, long remissions have 
occurrd’d frequently after progressively shortening .v-ray-induced remis- 
sions and are unlikely to reflect change m the disease process. (Galton, 
1953a; Galton and Till, 1955; Kurrle, 1955). It is possible, however, that 
equally good remissions might have followed alternative forms of radio- 
therapy, such as whole-body irradiation or But it is to be noted that 
the immediate response to splenic irradiation in these patients has usually 
been satisfactory as evidenced by symptomatic relief, splenic regression, 
hemoglobin rise, and rate of fall of leucocyte count. In each case it has 
been the speed of relapse that lessened the value of radiotherapy and 
led to the decision to use Myleran instead. 

(c) Sometimes patients relapse rapidly even after the first course of 
radiotherapy. If tliey respond no bolter to a second course, radiotherapy 
should be abandoned. In such cases the disease may sometimes be con- 
trolled for long periods by means of Myleran. 

Patients relapsing rapidly always require continuous Myleran ther- 
apy. Attempts to induce remission by means of large doses are likely to 
lead not only to rapid relapse but also to Mylerau-rcsistance (Fig. 8, 
Galton, 1953b). But, when standard doses are given, the steep rise in 
leucocyte count is arrested usually within C weeks, followed by a slow 
steady fall, taking as long as 1 year lieforc normal levels are reached. 
Even greatly enlarged spleens may become impalpable during this period, 
as in a patient who had previously received 1 1 courses of radiotherapy to 
the spleen in 8 years (case 4, Gallon, )953a). The hemoglobin level may 
begin to nso soon after treatment is begun but sometimes continues to 
fall for as long as 4 months before rising (case 29, Galton and Till, 1955) ; 
in spite of this, relief of symptoms is almost always evident during the 
first month of Myleran therapy and treatment may be continued witliout 
increasing the dose of Myleran. The hemoglobin level may sometimes 
nsc, or cease to fall, although the effect on the leucocyte count is com- 
paratively slight. One patient had required blood transfusions ever}* 
0 weeks for more than a year when Myleran therapy was begun, after 
«hich his hemoglobin level rose spontaneously to 8591 (12.Gg. per 100 ml.) 
and was kept there for 18 months. But the leucocyte count never fell 
below 50,000 per cu. mm. Tlii.s man's leucocyte count rose slowly from 



Vtucoty^t counUcu «TTr» 100% » 14 8 g / 100 ml 



Fio 6 Chronic myeloid leukeinja. Caw 10. Male, 47 years. No response to radio- 
therapy (completed Tcbruary 23, 1351). Blood counts showing poor response to 
Mylcran Large doses were given. 


( 44 ) 
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the time the dose of Mylcran was reduced to 2 mg. daily. He might have 
fared even better than he did if a slightly higher dose had been given. 

(d) Patients referred for Mylcran therapy are sometimes described as 
“radio-resistant." Often these prove to have received inadequate therapy, 
treatment having been abandoned as inefTective because improvement 



had not occurred quickly cnoush. In the only caw in the u riter’s cxncri 
cnee in uhich radiotherapy had been pushed to its limits without „ j 
iuK auy benefit, Mylcran was of little value (ease (herifr 

rapidity of relapse after the initial response was nrnk.hf the 

t>-po of dosage employed. Probably a result of the 

(e) Patient, in acute niyelohlastie reUpse derive no real benefit from 
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Myleran even though they have never been treated previously with it; 
but the leucocyte count may fall rapidly and the spleen may regress 
enough to relieve pressure symptoms. When the myeloblast count rises 
quickly, fever and prostration arc prominent symptoms. As the count 
falls under the influence of treatment these symptoms vanish, only to 
return as the count rises again (ease 2, Fig. 7). In the case quoted the 
hemoglobin fell rapidly as the myeloblast count rose: the fall was arrested 
during the period of Myleran therapy but continued when the myeloblast 
count rose again. 

Patients in myeloblasUc relapse are better treated with deacetyl- 
methylcolchlcinc {Moeschlin et of., 1954) or &-mercaptopurine (see 
below). 

4. Treatment oj Patients Resistant to Myleran 

Myleran resistance appears in two ways: (1) acutely, (2) insidiously. 

A. Acute Myleran Resistance. This has developed in the first few 
months of Myleran therapy and has always been associated with the use 
of intermittent dosage or when a course of treatment has been terminated 
too soon, or when inadequate maintenance dosage has been given; it has 
shown itself by a rise in the immature cell count which continues in spite 
of resumed treatment even with excessively large doses. In one case crops 
of leukemic skin nodules appeared. It Myleran therapy is continued even 
when the resistant myeloid cell population is increasing, the adult neutro* 
phil count and platelet count will fall and agranulocytic angina and 
purpura may supervene. 

In ease 27 (Fig. 8) the initial course of Myleran was discontinued too 
soon, and when administration was resumed the leucocyte response was 
poor and terminal relapse soon followed. 

B. Insidious Myleran-Resistance.' This has appeared in patients 
treated for long periods by maintenance therapy. It has shown itself in 
two ways, first by increase in the numbers of immature leucocytes, 
particularly myeloblasts; secondly,^ by insidious enlargement of the 
spleen, the hematological and cliracal states remaining satisfactory. 
The. maintenance dose if increasec^ fails to check enlargement of the 
spleen or the rise in the absolute immature leucocyte count. If treatment 
18 stopped, terminal relapse follows rapidly. 

C. Treatment. In the acutely developing type of Myleran resistance, 
G-mercaptopurme or mcthylcolchicine might be of temporary value, but 
these drugs were not available when the condition appeared in the 
writer's patients 

In one case myeloblastosis appeared during a period of apparently 
satisfactory clinical and hematological control 4 years after onset of the 
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disease (see Fir. 2, Gallon and Till, 1955). The spleen was only moder- 
ately enlarRcd. Myleran therapy was stopped and G-mercaptopurinc 
was given. This caused regression ol the spleen and controlled the leuco- 
cyte count but the hemoglobin level began to fall rapidly. Transfused 
blood was rapidly destroyed and the patient became jaundiced after 
transfusion. Although the direct antiglobulin test was negative, cortisone 
was given. Subsequent transfusions did not give rise to jaundice but the 
hemoglobin level fell nearly as quickly as before. ACTH gave no better 
result than cortisone. Splenectomy was only slightly more effective. The 



Fiq 8 Chronic myeloid leukemia Case 27. female, 63 years. Blood counts showing 
resistance to second course of Myleran following premature termination of first course. 

myeloblast count was kept below 500 per cu. mm. by 75-150 mg. daily 
of G-mercaptopurine The patient remained in remarkably good general 
condition for G months after the onset of myeloblastosis, and this may be 
attributed to the effect of G-mercaptopurine in keeping the myeloblast 
count at a low level. 

Case 20 (Fig. 9) is somewhat similar to the last but the rate of hemo- 
globin fall was slower and a satisfactory response was obtained with 
G-mercaptopurine alone. The patient continued working throughout this 
period, apart from 2 days in hospital for transfusion. 

In case 18 (Fig. 10) Mylcran-resistance appeared as slowly progressive 
splenomegaly. The patient had been well controlled by Myleran for 2 
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years; the hemoglobin, leucocyte, and platelet counts were relatively 
stable but over a period of C months the spleen enlarged, eventually 
extending below the pubis and to the right anterior superior iliac spine. 
Myleran administration was stopped to permit radiotherapy to be given 
to the spleen ; pain was relieved but only slight regression ensued, and the 
hemoglobin began to fall rapidly from the day Myleran therapy was 
stopped Two blood transfusions were given but myeloblastosis followed 
and was not influenced by 1 week of treatment with Myleran which was 



Fig 10 Chronic myeloid leukemia. Case 18. Male, 33 years Well controlled for 
2 years with Myleran Gross splenomegaly during maintenance therapy Blood counts 
showing poor response to radiotherapy and temporary response to G-mcrcaptopurine 


therefore abandoned Treatment with C-mercaptopurine was begun con- 
currently w ith further radiotherapy to the spleen which had again become 
enormous. Considerable splenic regression took place with relief of pain 
and the leucocyte count fell and spontaneous rise of hemoglobin followed. 
The benefit was shortlived but the patient continued his work until 
10 days before he died 4 months later. 

Myelobla.stosis seems to occur frequently when Myleran is withheld 
after a long period of maintenance therapy. Therefore, in case 22 (Fig. 3), 
which was similar to that just described, x-raj’s were given to the spleen 
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during a period of reduced Myleran dosage. Whether the response was 
better because of this or simply because the patient had not yet entered 
the unstable phase of disease cannot be said. Bollag’.s patient (195-lb) 
re.spondcd for several months to radiotherapy to the spleen after Myleran 
had been discontinued. A good remission was then obtained with methyl- 
colchicine but the patient c]uickly relapsed when treated again with 
Myleran, though he still proved to be sensitive to mcthylcolchicine. 

Whatever form of treatment is used initially, resistance to it eventu- 
ally develops. Subsequent response may still be obtained with one or more 
of the other mcthod.s. Myleran has proved of value when resistance has 
developed to x-rays, urethane, nitrogen mustard, C-mcrcaptopurine 
(Burchcnal, 1951), and l,3-bis(ct!iylenciminosulfonyl)propane. &-Mer- 
captopurine and dcacetylmethylcolchicinc (Bollag, 1954b) have been 
effective after the onset of resistance to Myleran. In the acute leukemias 
successive therapy with three classes of drugs, corticotropin and the 
steroid hormoncd, the fohe acid antagonists, and the purine antagonists, 
has led to significant prolongation of sur\'ival (Tivey, 1954). It is possible 
that a similar prolongation may yet be achieved in chronic myeloid 
leukemia by the appropriate use of the several methods now available. 

5. The Place of Myleran in Routine Management 

In this article, considerable emphasis has been placed on the unsatis- 
factory aspects of Myleran therapy. In some of the instances quoted, the 
poor response was a result of faulty handling of Myleran, in others 
the intrinsic deficiency of the drug was the reason for its failure. Never- 
theless it IS a most useful drug. It is chemically stable, is readily absorbed 
from the gastrointestinal tract, and is almost free from side effects. Its 
effects on the leucocyte count arc remarkably uniform, so that in chronic 
myeloid leukemia the fall can be adjusted with precision to the desired 
rate by making appropriate changes in dosage (Table II, Gallon and 
Till, 1955). Some patients have been maintained on the same dose for 
over 2 years Provided large doses are avoided and rigid hematological 
control is practiced, Myleran is a safe drug. The minimum requirements 
for routine management have been stated elsewhere (Gallon and Till, 
1955) and the advantages and disadvantages of the "course'^ and “con- 
tinuous” methods of treatment were also discussed; these matters need 
no repetition. Here an attempt is made to define the place of Myleran 
amongst the numerous other available palliatives. In its efficacy and the 
precision of control afforded by it, Myleran compares favorably with all 
other available methods. It is inexpensive, its administration requires no 
specialized personnel or equipment and therefore remains in the hands 
of the physician. The freedom from side effects is shared only by radio- 
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active phosphorus. Nevertheless it has been used for only 6 years, com- 
pared with 20 years for radioactive phosphorus and over 50 years for 
external radiotherapy. It is probable that methods of using Myleran 
will be improved. Meanwhile it would be invalid to attempt a statistical 
analysis of survival by Boag’s method (Tivey, 1954), since in many of the 
patients so far treated, the drug has almost certainly been wrongly used. 
But, if hlyleran correctly used alone should prove to lead more fre- 
quently to earlier terminal relapse than radiotherapy (Blackburn et al., 
1950), then the drug wll be contra-indicated as the first line of treatment. 
As long as treatment remains palliative, and resistance develops to each 
method, management of each patient will involve the use of several 
agents in succession. In general, radiotherapy is still the treatment of 
choice, either as external x-irradiation to the spleen, as total-body 
irradiation, or as oral or intravenous rtulioactive phosphorus. Myleran 
should be used first if radiotherapy facilities are not available, or if travel 
to and from a radiotherapy unit involves hardship for the patient, either 
because of his condition or because of loss of working time. If Myleran 
is used first, it is probably best to pve a single course lasting 6 or 7 months 
and then leave the patient without treatment as long as he is free of 
symptoms. When relapse ensues he may then require maintenance 
therapy. At most clinics, however, radiotherapy is available and repeated 
courses are given. At some point relapse to treatment lessens, or relapse 
comes quickly. In some cases response is unsatisfactory from the begin- 
ning, or the first relapse appears within a few months of treatment. At this 
stage the method of irradiation may be changed, or chemotherapy is 
begun. There is no longer any justification for starting with drugs such 
as benzene, arsenic, or urethane that cause side effects. Triethylene- 
melamine is favored by some but is less regularly effective than Myleran, 
control is more difficult, the dose requirements are dangerously variable, 
and some patients require large doses (Bond et al., 1953) and may develop 
anorexia and nausea. The risks of bone marrow damage are considerable 
even with the greatest care (Meyer et al., 1952; Blackburn and King, 
1954; Wintrobe et al., 1954). Myleran is probably the drug of choice and 
patients treated with it may remain in good health for several years 
before they become resistant. In most patients no longer responding to 
radiotherapy, maintenance therapy will be required. It is difficult to 
define the ctage at which Myleran therapy should be given up and another 
drug used. In some of the cases reported in this article, Myleran therapy 
may have been continued too long. It may be better to change to 6-mer- 
captopurine or to methylcolchicine or to l,3-bis(ethyleneiminosulfonyl)- 
propane as soon as the patient on maintenance therapy with Myleran 
shows any evidence of becoming reastant, such as increase in the size of 
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the spkon, or increase in the ahsoiulc nnmiiers of tnycioWasts. In this 
way, another respite may l>c );ninc((. Itut the patient inevitably enters a 
terminal phase resistant to all treatment. 

V. The Action of Myleran in Ciiuomc Lymphatic Leukemia, in 
Acute Leokf.mias, ani> in Otiieu Conditions 
Leukemic lymphocytes arc more sensitive to the effects of ionizing 
radiations and to drugs such ns urethane, nitrogen mustard, and tri- 
cthylcncmclamine than arc normal lymphocytes. In spite of the relative 



Fia 11. Chrome lymphatic leukemia. Female, G-1 years. DIood counts showing 
good response to Mylcran. Note temporary depression of platelet count at end of 
course 


insensitivity of normal lymphocytes to Mylcran, a trial of lymphatic 
leukemia seemed indicated. Figure 12 shows the elTect of Mylcran on the 
leucocyte count (90% lymphoblasts) in a young man with acute lympho- 
blastic leukemia. Considerable fall in the leucocyte count occurred, and 
some regression of lymph nodes, liver, and spleen occurred, but no remis- 
sion followed. In the first case of chronic lymphatic leukemia treatment 
resulted in complete regression of enlarged lymph nodes, fall in leu- 
cocyte count, and more significant, sustained rise in hemoglobin level. 
No significant regression in the size of liver and spleen took place; nor did 
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Fia. 12 Acute lymphoblastic leukemia Male, 20 years Blood counts showing 
effect of Myleran on leucocyte count No remission was obtained 

these organs regress when radiotherapy and radioactive phosphorus were 
used 2 years later (Fig. 11). 

Two other patients were subsequently treated. In both the lympho* 
cytes proved to be very sensitive to Myleran, and lymph nodes, in one 
case much enlarged, regressed almost completely but the size of the livers 
and spleens was unaffected In 2 of the 3 cases the platelet counts were 
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Fio. 13. Subacute myeloid leukemia. Case 9. Female, CO years. Blood counts 
showing fleeting response to large doses ot Myleran and failure of attempted main- 
tenance with standard dosage. 
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depressed below 50,000 per cu. mm. six weeks ofter treatment was 
begun, and clinical purpura appeared. This is a recognized hazard with 
chronic lymphatic leukemia and may occur with any other form of treat- 
ment. Thus cautious trial of Myleran is warranted in chronic lymphatic 
leukemia. 

Myleran has not been useful in acute leukemias; several patients with 
mycloblastic leukemia and one with monocytic leukemia have been 
treated; the leucocyte counts fell and the differential counts showed some 
improvement, but in no instance was remission obtained. The platelet 
counts were low before treatment and were depressed further by it. 
Dameshek (1953a) obtained a remission in a pregnant woman suffering 
from monocytic leukemia. As monocytic leukemia tends to be refractory 
to the forms of therapy usually employed in acute leukemia, Myleran 
may therefore be tried when other methods have failed. Dameshek 
(1953b) has also reported Myleran to bo of value in some cases of sub- 
acute myeloid leukemia. This is an ill-defined clinical entity which in 
some respects is intermediate between acute and chronic myeloid leu- 
kemia. In case 9, Myleran produced a dramatic effect on the patient’s 
well being, on the size of the liver and lymph nodes, and on the leucocyte 
count, but the Ihrombocylopema did not improve, and no spontaneous 
increase in hemoglobin took place (Fig. J3). 

In one patient with myelofibrosis, Myleran caused regression in size 
of liver and spleen, fall in the leucocyte count, and disappearance of 
primitive ceils from the blood. But the hemoglobin level continued to fall, 
and this fall became more rapid with the onset of purpura and hemor- 
rhages from mucous membranes resulting from thrombocytopenia. 
Myleran has not been used in polycythemia vera. It has induced remission 
in one case of Hodgkin's disease (Burohcnal, 195-1) but was ineffective in 
one patient with terminal disease treated by the writer. It is probable 
that the limiting factor will ahvays be the extreme vulnerability of the 
myeloid and megakaryocytic tissues. The megakaryocytes are, however, 
more resistant than the myeloid cells and during the first few months of 
treatment in chronic myeloid leukemia, the platelet count often rises, 
sometimes to high values (Kurrle, 1955). The bone marrow of patients 
with chronic myeloid leukemia who have received maintenance therapy 
for many months has several times shown marked relative increase in 
the numbers of megakaryocytes in an otherwise somewhat hypocellular 
marrow. Rider (1954) has obtained remission in a patient with leukemic 
thrombocythnemia; the megakaryocytes were more sensitive to Myleran 
than in most cases of myeloid leukemia. Hansen (1954) reported relief 
of pain in a patient multiple myelomatosis and further trials would 
be desirable. 
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VI. Conclusions 

III this article, the writer has attempted to discuss some of the prob- 
lems of clinical assessment m the chronic leukemias Clinical studies with 
Myleran, one of the newer chemotherapeutic agents, have been chosen to 
illustrate them. The same problems arc likely to arise with each new 
remedy submitted for clinical trial until a radical form of therapy is 
found, when the clinical effects will probably become quickly apparent. 
Patients sufTeimg from leukemia show great- variation in mode of onset, 
seventy of disease, rapidity of progression, response to treatment. Even 
the diagnostic criteria of leukemia arc not clear. A series of cases could 
easily be assembled showing at one end transition forms between typical 
chronic myeloid leukemia and typical acute myeloid leukemia; and at the 
other end transitional forms between chronic myeloid leukemia and other 
myeloproliferative disorders such as myelosclerosis or polycythemia 
vera would he found (Black-Schaffcr and Stoddard, 1953; Hutt el al., 
1053). Similar transition forms link chronic lymphatic leukemia to diffuse 
lymphosarcoma and lymphosarcoma of focal origin. As long as our 
nomenclature in these maladies remains only descriptive, it is impossible 
to know whether the extreme variants represent widely differing mani- 
ffestations of a single disease process, or whether the transition forms link 
etiologically distinct diseases only by superficial similarities 

One danger in collecting large scries of cases for statistical purposes 
IS that the diagnoses on the case sheets have to be accepted as they are. 
Yet the diagnostic criteria of different physicians and pathologists 
vary greatly, and in analyzing the records of deceased patients, essential 
information that might necessitate revision of the stated diagnosis is often 
lackmg. Patients classified as subleukemic lymphatic leukemia at one 
hospital may appear under lymphosarcoma at another. Series of cases of 
lymphatic leukemia assembled independently at the two hospitals might 
suggest that treatment was better at one of them, whereas the difference 
would in fact reflect only the different composition of the series. 

Each patient with leukemia presents a different problem in treatment 
which requires individual attention. It is therefore very difficult in prac- 
tice to arrange a comparative tnal of two methods of treatment by 
random sampling There is no justification for withholding a remedy 
known to be of value in order to try a new form of treatment. This means 
that the first trials of a new remedy are always carried out on patients 
in whom conventional remedies have ceased to be of value. In chronic 
myeloid leukemia wc have already seen that resistance tends to develop 
to whatever form of treatment is given. The fact that a subsequent 
response may be obtained with a different remedy does not necessarily 



104 


J>. A. G. GAWON 


mean that this treatment is belter than the first: only that the disease is 
still in a responsive stage. 

The research worker must often be impatient at the clinician’s 
reluctance to report on the value of a new remedy he has been using for a 
year or more The reason for the clinician's attitude is that the immediate 
results of treatment arc not of great significance. Many agents now avail- 
ah>le will bring about quite rapid clinical and hematological improvement; 
but it is the long term results that matter to the patient to whom a 
spectacular remission followed a few months later by relapse is of no real 
value. Preliminary reports of most new remedies are almost always over 
optimistic: as the trial proceeds the numbers of therapeutic failures 
increase, previously unsuspected side-effects or delayed toxic manifesta- 
tions appear, and the most successful cases often prove to be very chronic 
examples in which similar results might have been obtained with any 
other available treatments. Several years must elapse before a reasonable 
statement can be made about the value of a remedy, or detailed recom- 
mendations given regarding its place m the overall management of the 
patient. With the group of remedies now available it is a matter of degree 
that makes one better than another; such considerations as case of 
administration, frequency of side effects, extent and regularity of re- 
sponse, efficacy in maintenance, safety are all important. Judged by these 
standards, Myleran, in its limited field of application ranks highly, but 
it is probable that if the survival of the chronic leukemias is increased m 
the near future, it wzU be a result of “the Judicious use of the whole 
therapeutic armamentarium that is available” (Wintrobe el al , 1954). 

Vfl. Case Repoiits 

Case S3 {Fig. 4)- A man aged 47 years noticed weakness in October, 
1952, and shortly after complained of pain in the left hypochondrium 
when lifting. He had !o.st his appetite, could not tolerate fatly food, had 
fluid regurgitation, and since August, 1952 had lost 14 pounds weight. 
He was first seen on December 1, 1952 and was found to have an enlarged 
spleen 14 cm. below the left costal margin and extending to the midlinc. 
A blood count showed Hb 56% (8.3 g per 100 ml,), leucocytes^ 500,000 
per cu. mm. (190,000 immature myeloid cells), 

Treaimcniand progress. Myleran 4 mg. daily was given from December 
5, 1932 to March J3, 1953 (total 396 mg ). and again from April 17 to 24, 
1953. Ills condition improi'cd rapidly, the spleen regressed until it could 
not be felt (June 22, 1953) and the Hb level increased steadily to 91% 
(13 9 g. per 100 ml.) on August 7, 1953 He remained well until April, 1951 
when he again complained of tiredness, loss of weight, and of indigestion. 
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Tho splcon was easily palpable. A blood count (April 23, 1954) showed 
Hb 74% (U.O R. per 100 ml.), leufocyles 150,000 per cu. mm. (46,000 
immatiiro myeloid cells), platelets 280,000. Mylcrnn 2 mR. daily w’as given 
until Kovember26 and 1 mg. daily until March 4, 19.55 when he was fit, 
the spleen was not fell and Hb was 87% (12.9 g. per 100 ml.), leucocytes 
5,600 per cu. mm., no immature cells seen. lie was fit when ia.st seen in 
January, 19.50. 

Case S/ (Fig. S). Housewife aged 38 years. In 1950, following a normal 
delivery, she complained of headaches, anorexia, and las-situdc, and 
noticed that her abdomen was increasing in sire. Her periods were fre- 
quent, irregular and the loss was excessive. In September, 1951 she was 
found to be thin and flushed. The spleen occupied most of the left side 
of the abdomen and the liver was just felt- Rubbery nodes were felt in the 
axillae. Chronic myeloid leukemia was diagnosed and she was treated 
with urethane, 4 mg. daily. Her symptoms were relieved, the spleen 
regressed moderately. Her periods became regular. In October, 1052 she 
was again anemic and complaine<I of abdominal discomfort. The spleen 
was 24 cm, below the left costal margin and C cm. to the right of the 
midline. 

Treatment and progress. Mylcran 4 mg. daily was given from October 
27, 1952 to March U, 1953, (total 53C mg. in 134 days) and 4 mg. daily 
from April 28, to May 12, 1953 and from July 14, to August 11, 1953. 
Symptoms were rapidly relieved and the spleen regressed. On March 10, 
1953 it was 0 cm. below the left costal margin and 6 cm. to the left of the 
midline. In January, 1954 symptoms hod returned, the spleen was again 
enlarged, and Mylcran was tdven as follows: 

4 mg. daily from February 2-MBrch 10, 1954 

2 mg. daily from March I6-April 27, 1954 

3 mg. daily from April 27-May 25, 1954 

2 5 mg. daily from May 25-December 14, 1954 

3 mg. daily from December 14, 1954-Ma3' 30, 1955. 

Her condition was excellent throughout this period and after the first 
coureo of Mylcran the hemoglobin level was maintained between 83 and 
97% (12.3 and 14.4 g. per 100 ml.). From June 1955 to August 1055 the 
haemoglobin level fell from 83% to 34% (12 3 to 5 g. per 100 ml.) and 
the myeloblast count rose from 0 to 2000 per cu. mm. G-mercaptopunno 
therapy was ineffective and she died on September 24, 1955, the myelo- 
blast count having reached 55,000 per cu. mm. two days before death. 

Case 10 (Fig. C). A man of 47 years was admitted on May 8, 1951 
complaining of tightness and fullness in the abdomen after meals and of 
increasing lassitudc'and tiredness for 2 months. Chronic myeloid leukemia 
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had been discovered accidentally 7 months before and radiotherapy to 
the spleen had been given elsewhere without effect (2700 r. in 11 weeks 
completed February 23, 1951). On examination the spleen was firm and 
tender, its lower pole was felt 21 cm. below the left costal margin and the 
right border in the midline. There wore no other relevant physical signs. 
On admission Hb was 54% (8.0 g. per 100 ml.), 'W.B.C. 134,000 per 
cu. mm., immature myeloid cells 54,270 per cu. mm. of which 11,400 were 
myeloblasts. Six days later the leucocyte count was 231,000 per cu. mm , 
immature myeloid cells 132,590 per cu. mm., of which 11,200 were 
myeloblasts. 

Treatment and progress. Myleran was given as follows; 20 mg. daily 
from May 15-19; 4 mg. daily from May 20 to June 19; 20 mg. daily from 
June 20-22; 6 mg. daily from June 23 to July 2; 50 mg. on July 3 and 4; 
6 mg. daily from July 5 to 20 (total 530 mg. in 66 days). His general con*^ 
dition improved during the first 6 weeks of treatment; the spleen regressed 
slightly but remained hard. On May 26 enlarged cervical nodes were felt; 
they increased rapidly in size and number 1 month later when similar 
nodes appeared in both axillae, iliac, and inguinal regions. Following the 
very large doses of Myleran given on July 3 and 4 the nodes regressed 
slightly but the spleen increased rapidly in size and he died on July 21, 
1951 after a few days of unexplained pyre.xia The blood count on June 11 
showed Hb 59% (8.8 g. per 100 ml.), IV D.C. 21,700 per cu. mm., imma- 
ture myeloid cells 6250 per cu mm., of which 540 were myeloblasts. 
On June 27, Hb was 09% (10.2 g. per 100 ml.), W.B.C 34,500 per 
cu. mm., immature myeloid cells 12,075 per cu. mm., of which 1725 were 
myeloblasts 

Case 2 (Fig. 7). Widow aged 58 years. Chronic myeloid leukemia was 
diagnosed in December 1948, symptoms having been present for more 
than 1 year. She was treated by radiotherapy to the spleen, 220 kv. 500 r. 
in 27 days with improvement. In March, 1949 symptoms recurred and 
she was given urethane, 3 g. daily for 6 weeks This was discontinued 
because of nausea; a further course of radiotherapy to the spleen was 
given By February, 1950 she was again weak and the spleen was grossly 
enlarged. 2.8 me. of P** was given intravenously on March 1, 1950 and 
another course of radiotherapy to the spleen was given in July 1950. 
She remained well until November, 1950 when she developed headaches, 
severe indigestion, nausea, vomiting, rapid swelling of the abdomen with 
pain in the left side. The spleen almost filled the abdomen and a blood 
count on November 15, 1950 showed Hb 50% (7.4 g. per 100 ml), 
W.B.C. 337,000 per cu. mm., 280,450 immature myeloid cells, of which 
220,000 were myeloblasts. 
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Treatment and proffress. Myleran 8 mg. daily was given from Novem- 
ber IG, to December 11, 1050 (total 208 mg). Symptoms were relieved, 
she regained her appetite and the spleen regressed 5 cm. medially and 
upwards On December 15, 1050, Hb was 61% (9 g. per 100 ml.), W.B.C. 
31,300 per cu. mm., 19,000 immature myeloid cells none of which were 
m 3 ^elobiasts. On December 22, 1950 the spleen was harder and ns large 
as before treatment was begun and 5 days later she was feeling ill, 
anoretic, and complained again of abdominal pain. Hb was 56% (8.3 g. 
per 100 ml ), W B.C. 74,500 per cu. mm., 6900 immature myeloid cells, 
of which 5500 were micromyeloblasts. Myleran therapy was resumed on 
December 29, but she became rapidly worse, purpura followed and she 
died from extensive cerebral hemorrhage on January 8, 1951. 

Case S?" (Fig. S). A widow aged 63 years was admitted on November 
27, 1953 in congestive cardiac failure. She complained of progressive 
weakness and loss of weight for about 1 year and of dyspnea, swelling of 
the ankles and abdomen for 3 months. On examination she was dyspneic, 
was found to have tachycardia, enlargement of the heart, edema of legs 
and back, and bilateral pleural effusions. The liver and spleen were 
enlarged and the liver was tender. A blood count showed ifb 54% (8 g. 
per 100 mi ), W.B.C. 051,000 per cu. mm., 365,000 immature myeloid 
cells, of which 28,000 were myeloblasts. 

Treatment and progress. Myleran 4 mg. daily was given from Novem- 
ber 29, 1903 to Februory 2, 1954. Improvement was dramatic. Signs of 
congestive failure disappeared, spleen and liver regressed. On February 2, 
1954, lib was’70% (10 4 g. per 100 ml.), W.B.C. 62,200 per cu. mm., 
16,000 immature myeloid colls, of which 620 were myeloblasts. Myleran 
2 mg. daily was given from February 24 to March 9, 1954 and from 
April 5-15. The dose was then increased to 4 mg daily until July 16, 
1954 4 mg daily were given from August 6 to September 17 From ^^a^ch 
to June, 1954 the blood count remained substantially unchanged. On 
June 3, Hb was 78% (1 1.5 g. per 100 ml.), W.B C. 94,400 per cu. mm., 
44,400 immature myeloid cells, of which 6600 were myeloblasts. On 
September 3, the spleen was smaller than at any time previously and 
measured 6 cm, below the cental margin and 4 cm to the left of the mid- 
line, Hb 83% (12 3 g. per 100 ml.) W.B.C. 27,000 per cu. mm,, 9300 
immature myeloid cells of which 270 were myeloblasts. One month later, 
she complained of pain in the left hypochondrium and of dyspnea. She 
was readmitted. On examination, she was dyspneic, orthopneic, febrile. 
The tender spleen was 15 cm. below the costa! margin and reached the 
midline, the liver was 10 cm. below the costal margin Hb was 77% 
(11.4 g. per 100 ml.), W B.C. 121,700 cu. mm , 48,600 immature myeloid 
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cells. Myleran 4 mg. daily was given from October 1, 1954, but slie failed 
to respond and she died on November 4, 1954. 

Case 20 (Fig. S). Female, 47 years first noticed sn-eUing of ankles and 
complained of lassitude and malaise in December 1950, In August, 1951 
a diagnosis of chronic myeloid leukemia was made and she was treated 
efeewhere with nitrogen mustard. Her condition improved and she re- 
turned to work. Further nitrogen mustard was given at intervals until 
September, 1952 when a course of Myleran was given. She received no 
further treatment until February, 1954 when the spleen was again con- 
siderably enlarged (15 cm. below the costal margin and 3 cm. to the right 
of the midlinc), Hb 50% (8 3 g. per 100 ml.), W.B.C, 128,000 per cu. mm. 
She was treated again u'ith Myleran and maintenance doses of 2-3 mg 
daily were required. Only moderate splenic regression occurred and the 
spleen was never less than 6 cm. below the costal margin and 2.5 cm. to 
the left of the rnidline. Hb level reached 70% (11 2 g. per 100 ml.) in 
March 1954, but from June onrvards never e.vceeded G0% (8-9 g. per 
100 mb'). Frank myeloblastosis appeared in September and on November 
9, 1954 Myleran administration was discontinued and 6-mercaptopurine 
125 mg. daily was begun. The Hb level fell rapidly and 2 blood trans- 
fusions of 4 pints each were given on November 27 and December 21, 
1954. The subsequent fall in Hb level was much slower (2.5 g. per 100 ml. 
in 82 days). The leucocyte count was kept below 10,000 per cu. mm. 
although the diftercntial count improved little. The spleen regressed 
considerably and on January 25, 1955 was 4 cm. below the costal margin 
and 4 cm. to the left of the rnidline. The patient continued her work until 
a few days before she died in acute relapse in April 1955. 

{Ftff. 11). Chronic lymphatic leukemia. A woman of 63 j'ears had had 
two attacks of “pneunioma“ in 1948 and subsequently noticed that hor 
abdomen was enlarging. She had several attacks of pain under the riba on 
her left side. In January, 1951 she found several lumps on the left side of 
her neck. From June, 1951 she became easily tired and lacking in energy*. 
She was first seen at the Royal Cancer Hospital on October 8, 1D51. On 
examination she was pale, there was moderate enlargement of rubbery 
to firm lymph nodes in the left cervical, right axillary, and both inguinal 
regions. The epleen was grassly cnlat^cd, its edge 5 cm. to the right of 
the midhue and 5 cm. above the symphysis pubis. The liver edge u as 
felt 10 cm. below the costal margin. A blood count showed Hb 58% (8.5 g. 
per 100 ml.), W.H.C. 282,400 per cu, mm., of which 97.0% were small 
lymphocytes. Plalelels 123,000 7>er cu. mm. Sternal marrow showed 
almost complete replacement by lymphocytes. 

Trcalment and progress. Myleran 0 mg. daily was given from Novem- 
ber 14, 3051. The drug was discontinued on December 18, 1951 because 
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scattered petcchml hemorrhage were found over the front of the chest, 
abdomen, and shins, lib was (9.5 g. per 100 ml.), W.B.C. 281,000 
per cu. mm,, of ^¥h^ch 99% were small lymphocytes, platelets 144,000 
per cu. mm. On January 22, 1'952 she felt better than she had for a long 
time. The spleen had regressed 4 cm. medially, and the liver wa.s C cm. 
below the costal margin. All the lymph nodes had regressed and were only 
just palpable. Hb 59% (8.7 g. per 100 ml.), W.B.C. 21,400 per cu. mm,, of 
which 94 % were lymphocytes, platelets 89,000 per cu. mm. She remained 
well apart from minor infections, without further treatment until July, 
1953. She was subsequently treated with radiotherapy to the spleen and 
radioactive phosphorus. She died on January 5, 1955. 

Case 9 (Fig. IS). A spinster aged GO years complained of progressive 
dyspnea and lassitude aince September, 1 950 and of bruising of arms and 
legs since December, 1950. A diagnosis of subacute myeloid leukemia was 
made and she was transfused on April 2, 1951 with 3 pints of blood. She 
was admitted to the Royal Cancer Hospital on April 4, 1951. On examina- 
tion she looked frail and ill. Skin and mucosae were pale and multiple 
ecchymoses and petechiae were scattered over the trunk and limbs. All 
groups of cervical, axillary, and inguinal nodes were enlarged, some nodes 
up to 3 cm. in diameter. The spleen was not palpable but the liver edge 
was fell 9 cm, below the right costal margin. There was pitting edema up 
to the knees. On April 4, Hb was 44% (6.4 g. per 100 ml.), W.B.C. 
270,000 per cu. mm., neutrophils 91,800, Immature myeloid cells 164,780 
per cu mm., platelets 15,000 per cu, mm. 

Treatment and progress. Four pints of blood were transfused on 
April 11, 1951. From April 14 daily doses of 40, 30, 20, and 10 mg. 
Myleran were given and from April 18 six further daily doses of 10 mg. 
Her general condition improved, the liver and enlarged nodes regressed 
but the hemorrhagic state persisted. On April 26, Hb was 57% (8.2 g. 
per 100 ml), W.B.C. 5,700 per cu. mm., 600 immature myeloid cells. 
One month later her general condition was good and Hb was 64% (9.5 g. 
per 100 ml.) but the leucocyte count was 53,000 per cu. mtn., 10,600 
immature myeloid cells. She died at homo 2 weeks later. 

AcKNOwiiBnOMBirrs 

I wish to thank the consultant staff of the Royal hlarsden Hospital 
for allowing me to treat their patients. In particular I wish to acknowledge 
the help I have received from Dr. P. E. T. Hancock, Dr. J. B. Harman, 
Dr. P. L. de V, Hart, and Dr. Morwenna Till both in the clinic and in 
the course of numerous discussions. I would also like to thank Miss 
Pamela Carter for help in preparing the typescript. This investigation 
has been supported by grants to the Chester Beatty Research Institute 



no 


D. A. O. OALTON 


(Institute of Cnncor Research: Royal Cancer Hospital) from the British 
Empire Cancer Campaign, The Jane Coffin Childs Memorial Fund for 
Medical Research, the Anna Fuller Fund, and the National Institutes of 
Health, H.S. Public Health Sendee- 

REFERENCES 

Berlin, N. I., Lawrence, J. H , and Lee, H. C. 1954. S. Lab. Clm. Med, 44, 8C0-874. 
Berlin, R. 1951. Ada ihd. Scand 139, SuppI 252, 1-141. 

Bernard, J , MathS, G., and Najean, Y. 1955. Sem. tf« Rfiptlaux de Paris 31, No. 59. 
Blackhum, E K., and King, G M 1954 J. Foe. Radial 6, 96-103. 

Blackburn, E K., King, G. M., and Swao, H. T, 1956. Bnl. Med. /. i, 835-837. 
Black-Schaner, B , and Stoddard, L. D 1953. .dm. J. Pathol 29, 413-448. 

Bollog, tv. 1953a. ^xpertenda 9, 268. 

Bollog, W. 1953b. Sekvtit. med. Wochche 83. S72-S76. 

Bollog, W. l9S4a Schietit. med. Wodachr. 84, 393-395, 

Bollog, IV. 1934b. Personal comraunication. 

Bond. W. H., Rohr, R. J . Dyke, R. W., and FouU, P. J. 1953. Arch. Intern Med. 
91, C02-C17. 

Boylaad, E., and Kollcr, P, C. 1951. Brit. J Canter 6, 677-684. 

Burchenal, J. H. 1954. Personal comsiunication. 

Burchcnal, J. If,, 5futphy, M. t., Dliaon, R. R., Sykes, M. P., Tan, C. T.-C., Leooe, 
L A , Karnorsky, D. A , Graver, L. F., Dargeon, H. W., and Rhoads, C. P. 1953. 
Blood 8. 065-999. 

Dameshek, IV. l&53a. Personal communication. 

D-ameshek, \V. 19S3b. Commuaicatlop to 4th European Congress of Haematology, 
Amsterdam. 

de Vfica, S I. 1983. Ned, Tijdache. Gcnceak. 97, 2330-2338. 

Elson, L. A. 1955. Bnl. J. Haematol- 1, 104—116 

Elsoa, L. A., Gallon, D. A. O., Lamerton, L F, and Till, M. 1955. IV'ork in prep- 
aration. 

Farbcr, S,, Diamond, L K., ^fercer, R D , Sylvester, R. F., Jr., and lYolff, J. A. 1948. 
A'eur Enpl. J. Med 238, 787-820. 

Fellmgcr, K., Mfiiinheimcr, E , Iteimer, E B , and Vetter, II. 1950. Radiol. Cliniea 
26, MI. 

Franzen, S 1954. Personal communication. 

Gftlton. D. A. G. 1953a. Boned 1, 208-212. 

Gallon, D. A. Q 1953b. Bnl. J. Radiol. 20, 285-290 
Galum, D. A G., and Till, M, 19W. UnpublnUed obsen’alions. 

Gallon, D, A. G., and Till, R!. 1055. Lanreti, 425-430. 

Goodman, L. S , IVintrobc, M. M , Damcsbck, \V , Gootlmnn, M. J., Gilni.an, A., and 
RfcLcnnan, M, T. 1940. J. Am. Med. Ataoe. ISJ, 126-132. 

Gum, F. W. 1953 Blood 8, 687HJ92 

lladdow, A , and Timmis, O. M. 1951. Aela Unio Intern, contra Canemm 7, 469-471. 
Heddow, A , and Tjmrnis, Q M. 1053. Lancet U 207-20S, 

Hansen, P. 1954, ‘'Ciba Foundation Symposium on Leukaemia Research,’' pp. 205- 
215 Churchill, Iflodon. 

Ihll, J. M , Pprnr, 11. J,, Marshall, G. T., and Lajous, J. U 1051. Communication to 
Sih International Corrtcw of Haematology, tbiris. 



MYI.KnAK IN CiUtONJC I.RUKEMIA8 


in 


Hoffman, U’ J , ami Cravcr, L. K mi. J. Am. Aftd. ^sjoc. 97, 8a&-840. 
lIuU, M. S. It,, Pinnigw*, X, 1., omi Wctijcrlcy-Jrem, G. 1053. Blood 8, 295'3J4, 
Kniapos, I. 1935. Khn. Wochicke. U, 801-867. 

Kamofaky, D. A, Burchcnai, J. If, Armistend, O. C., Southarn, C. M., Ucrnatejn, 
J. h , Cravcr, J,. F., and IMicadi, C. !*. I95J. Areh. Infem. ^ftd. 87, 477-516. 
Kltma, H , von Hcyrcdrr, J., and llerao^, 11. J{)54 IfVen klt'n, Wockaekr, 35-8, 3682- 
3085. 

Koranyi, A. 1612. ^crlm lUn. lyixhsokr, 49, 1357— 135S. 

Kurr/c, O. 11 1655. ifed. J. Auttralia 42, C30-G41. 

ljang«, ft. P , Moloney, W. C., and Yamawaki, T. 1954, Blood 9, 674-585. 

Lawrence, J II, 1954. ifed. Cltn. N. Atner. 38, 525-540, 

Jjiwreftce, J. JI., ILow-Bccr, B. V. A.,andCafpcndcr, J, W.J. }0i9,J.Am. ^fed.A»loe. 
140, 5S5-588. 

Lawrence, J II , Dobaon, IL L, Low-Beer, U, V. A., and Drown, B. II. 1918. /. Am. 

A fed. Asaoe. 138, C72-677. 

Ledho, K. M. 1953. lint. J. liadtol 26, 260-295. 

Levin, W. C., Thaddeus, A. ft., Vaughan, J. ft., Jr., and Taai, B. Y. 1054. /-Lab. Cffn. 
AM. 44, 890. 

LiBSftucf, 1865. Berlin thn. iVockschr. 3, 403-404. 

Louis, J., Dost, W. ft., and Limars'i, L. ft. 1954 J. lah. CUn. Afei. 44, 893-594. 
McGavran, C W. 1938 Ann. Jntem. Afed. 12, 396-402. 

Mftingot, Cr , Girard, L , and Dousser, J. 1938. Le San^f. 12, 5G9-S82. 

Medical fteaearch Council & HulTicW Foundation Joint fteport. J654. Bril. Med J. 
1, 1221-1227. 

Meyer, L. M , Sclmart*, S. O., Sawitrky, A , Beyers, M. ft., N. D., Btahin, C., 
Diclcnbach, W., Kieinschmidt, W., ond Frjcdman, I, 1952. Af£o Mtd. Stand. 
i44, Suppl. 272, 3-36. 

MinoV, G. ft., and Isaacs, ft. 1624 ftosioiv Jf«I. Surp. J. l6l, l-O. 

Mmat.G R.,nuclimaft,T.E-, and Isaacs, ft. 1024 /.Am Med. A«soc. 82, 1489-1494. 
MaeacMin, B., Meyer, 11 , and LtcMm&n, A. 1054. "Ciba Foundation Symposium on 
Leukemia Ilcscarch," pp 216-230. 

Moffit, 11. C., and Lawrence, J. IL 19J9 Ann Internal Aftd SO, 778—790 
Moloney, IV. C.. and Lange, ft. D. 1954 ftfi>od 9, 663-685. 

Moloney, W. C., and Takaahl, F. 1 954 Acta fiaematol, Japan 17, 120-121. 

Nabarro, J. P. N. 1955. Personal communication. 

Osgood, E. K 1951. Arch. Intern. iUd. 87, 329-348. 

Osgood, E- E., and Seaman, A. J 1652 /. Am. Aled Aesoc 160, 1372-1379. 
Paterson, E.,juid Kunklcr, ft. 1954. "Ciba Foundation Symposium on Leukaemia 
Research,” pp. 251-243. Churcfull, liondon. 

Paterson, E., lladdow, A, Thomas, I A, nnd Watkinson, J. M. 1946, hancet 1, 
677-683. 

Paterson, E., Haddow, A., Thomas, I. A , and WatkluBon, 5. M. 1947. "Approaches 
to TumoT Chemotherapy," pp. 401-415. Amencan Association (or the A.dvance- 
mcBt of Sctence. Washington, D G. 

Pearson, 0 IL, Eliel, L. P., Ravreon, R* W„ Dobriner, K , and fthoada, C. P 1949. 
Cancer 2, 943-045. 

Petrakis, N. L., Diermao, II. ft-, Kelly, K. H., White, L. P., and Shimkin, M. B. 1954. 
Cancer 7, 383-390. 

Rider, W D. 1954, Personal cerromuoication. 

Seon, N, 1903. A'.Y. Med. J. 77, 665-668 



M. B w , ^''■■n.an jr o 

*■ ’ °PI«>nna„, j. ' -ifin 

' '*• *'• ii) 5 ^. 


"'“"dSuo,!) 

‘ ^ «• 1955. Cfl„ 

I'Oncfru 



HrprinifJ /tom cjrmov^^uationsvmvosjumon THKCHFMtsTRY ANDiuoLOcy OF POHiNts. K<J. WoJsttnhoime 8nti O'Connor 
(London, Chur^tU, 1957) p.299-30S ' . 


THE USE OF 6-MERCAPTOPURINE IN THE 
TREATMENT OF LEUKAEMIA 

D. A. G. Galton 

The Chester Seotiy Itesearek Institute, institute of Cancer Hesearcht 
Iloyal Cancer /{ospitat, London 

The effects of G«mercaptopur{nc theropy in human leuk- 
aemia are well known (Burchcnal ct al., 19S3; Conference on 
C-mcrcaptopurine, New York, 195-I-; Hayhoc, 1955; Marinone 
and Introzzi, 1055). The following remarks are based on 
observations made in collaboration with Dr. M. Till and Dr. 
E. Wiltshaw on 18 patients suffering from acute leukaemia 
and on 12 patients m the terminal stages of chronic myeloid 
leukaemia. The detailed results, which agree well with those 
in the literature, will be published elsewhere and tlie present 
intention is to outline the circumstances in which C-mercapto- 
puriuc can induce remission in leukaemia and to define the 
limitations of the drug. Neither series is representative 
because there were only 3 children among the 18 "acute” 
cases, and because II of the 12 “chronic” patients hod 
relapsed while receiving continuous treatment with Mylcran 
which liad effectively controlled their disease for periods up 
to 8 years. Further, only I of the cases of acute leukaemia 
was lymphoblastic, the cell type being mycloblastjc in 14, un- 
dlfferenUated in 2, and u\ I case the type has not been estab- 
lished. Only 3 of the “acute” patients had receix'cd previous 
treatment, in 2 cases with cortisone, in one with Mylcran. 

Fig. 1 indicates the approximate range of activity of 6- 
mercaptopurme in leukaemia, compared with that of the 
folic*acid antagonists and of the cytotoxic drugs. C-Mercapto- 
putine (and 6-chloropurmc) are the only drugs of practical 
value which are effective both in acute and chronioleukaemlas. 
They are, however, rarely effective in chronic lymphatic 
leukaemia. They are effective in acute leukaemia in children 
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and adults, whereas folic-acid antagonists are rarely of value 
in adults. There is no cross^resistance between the two groups 
of drugs. In early chronic myeloid leukaemia, 6-mercapto- 
punne will induce remission but has not been used long 
enough to know whether it has advantages over other forms 
of therapy (Burchenal, 1956). 

Acute Leukaemia 

6-Mexcaptopurme differs from corticotrophin, the steroid 
hormones and folic-acid antagonists in its slow action. Be- 
cause of this it cannot be used as the only means of therapy 
in fulminating cases in which the risks to life are great if 
remission is not induced rapidly. Fig. 2 indicates the hazards 
that threaten life during the induction of remission in acute 
leukaemia. 

1. Hazards during the Jirst wek of therapy 

IVhen the peripheral blast count rises quickly the patient 
may succumb to acute intoxication. One of the patients in 
the present series died from this cause, the peripheral blast 
count having increased from 50,000 to 590,000 per mm.^ in 
the 7 days before death. 

With increasing replacement of normal bone marrow by 
Icukaemic tissue the neutrophil leucocyte and platelet counts 
fall. The latter results m liaemorrhagic events while the 
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former cxfit^cs the patient to infcclinn to which |iltlc or no 
resistance isoffered. TwopatiVntssucewmbed louncontrollable 
haemorrhoRc in the first week of treatment. 

2. Hazards rcsnllinpi from the dr^tg 

The drop itself may depress the neutrophil and platelet 
counts with the same consequences that follow spontaneous 



neutropenia or thrombocytopenin. Two patients succumbed 
to overwhelming infection 5 weeks after starting treatment 
with G-mercaptopurine. 

3. Early hazards s^iivivcd. Remission not induced. 

Although remission may begin os early ns 9 weeks after 
starling treatment* in some eases the onset of remission may be 
delayed as long ns 8 weeks after the first dose of 6-mcrcapto- 
purine, while in others hncmalological changes characteristic 
of early remission are observed but prove to be abortive. One 
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patient died after continuous treatment for 9 weeks with 
6-mcrcaptopurine without securing a remission. Another 
patient Avas treated for 11-J weeks with O*mercaptopurine 
alone, and in combination first Avith Mylcran and then AA*ith 
cortisone. Seven months later he Avas again treated with 
6-mercaptopurine and cortisone. This patient lived and 
worked for 18 months, but required blood transfusions every 
4 to 8 weeks; these rather than the drugs seemed responsible 
for keeping him aliA’e. 

4, JZemfssi’on induced 

True remissions arc recognized by continued rise in neutro- 
phil and platelet counts and by reversal of the falling haemo- 
globin trend. Blood transfusion can be dispensed with and 
the danger from hacmorrlwgc and infection passes. Lcuk- 
acmic infiltrations and their clinical manifestations disappear; 
the bone marrow is cleared of blasts and active regeneration of 
myeloid and crj’throid tissue and of megakaryocytes takes 
place. 

The likelihood of inducing remission Avith C-mcrcaptopurine 
appears to depend more on the pcriphcrnl leucocyte count 
than on the age of the patient or on the cell-type. Only 1 of 
the G patients with high leucoc>’te counts responded to treat- 
ment and the remission lasted only 8 svccks. In contrast 0 of 
the 12 patients with subnormal peripheral leucocyte counts 
secured remissions. 

Because of the slow action of G-mercaptopurine, only 7 of 
our 18 patients were thought suitable for treatment with this 
substance alone. In 4 eases remission ensued between 3 and 8 
weeks after treatment As*as begun (Fig. 3). The remaining 8 
patients who received C-mcrc.splopnrinc alone died without 
achieving remission. 

In 9 instances, the patients were considered unlikely to 
benefit from G-mercaplopurmc therapy alone, bccaiiso of the 
seventy of their illness. They svcrc treatt^d with n combina- 
tion of C>mercnptopurjne and cortisone, prednisolone or 
corticotrophin. Three died before remission could he induced 
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and in one remission was incomplete and shortlived. Remis- 
sions were obtained in the rcmoining 5 patients; 2 were 
adults and 3 were children. The hormone appeared to play 

I00% = l't 89 per» 00 «} MR. SI. 40 YEARS 



Fio. 3. Acute lcul.scmiA. Effect on fitootl counts of treatment with d-mer. 
raptopuHne alone Note delay Itefore remission was InduceJ. Tmifmenl was 
<hs«)ntinue<l because marrow was hypoplastic. 


hU\e part in the induction of remission in one case (Fig. 4) but 
in 2 of the children combination therapy seemed to maintain 
remission better than cither drug used alone. 

One patient received a combination of 6-mercaptopurine 
and Myleran; half the standard dose of each drug was used. 
Remission followed, but the possibility that it was unrelated 
to therapy cannot bq excluded owing to certain atypical 
features in the curves of haemoglobin level and neutrophil 
counts. A second patient, already mentioned, received a com- 
bination of Myleran and 6-mcrcaptopurtnc without benefit. 
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Duration of remusians 

Two of the 3 children, were maintained in good health for 
10 months and 1 year. The third, who had relapsed after 
successftil treatment for 6 moi\ths with cortisone, responded 
for only 8 weeks to a combination of C-mercaptopurine and 
coTticotrophin, 

In the 7 adults, remissions lasted from 4 to 10 months and 
4 patients are in remission at the time of writing. Only one 
patient secured a second remission, which lasted 5 months; 
there was no response to a third course of C-mercaptopurine. 

To the elinician, the excellent health enjoyed by patients in 
remission gives satisfaction but this is offset by the knowledge 
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that re)apsc is inevitable with the rimitcd therapeutic resources 
avaiinbie. 

Chronic Myeloid Leukaemia in Terminal Relapse 
Uesistauco to Myleran wa!» shown by progression of clinical 
and hacmatoiogica! manifestations of disease which could 
not be controlled by Increasing the dose of Mylcran, Before 
G-mcrcaptopurine became available such patients rarely sur- 
vived more than G weeks. 

In 2 cases improvement in well-being, reduction in spleen 
sixe, fail in myeloblast count and spontaneous rise in haemo- 
globin level followed treatment with 6-mcrcuptopurinc. In 
one case the fall in platelet count was arrested; in the other it 
was reversed. Both patients continued to work for another 
5 months before they succumbed. In two eases, 8-niercapto- 
puriiic therapy reduced the sixe of the spleen, abolished the 
intoxication associated with myeloblastosis; but spontaneous 
rise in haemoglobin did not occur. Both patients required 
supportive therapy with blood transfusions, steroid hormones 
and in one ease splenectomy. They lived G and 8 months after 
mcrcaptopurinc therapy was begun. A fifth patient, who had 
become resistant to Mylcran, was treated for I week with 0* 
mercflptopurine after svbich she responded again to Mylcran 
for 7 months, only to succumb to inlcrcurrent infection. 
Seven of the 12 patients derived no benefit from treatment 
with O-mcrcaptopurinc. As in acute leukaemia, the signific- 
ance of these results, in themselves of so tittle importance, is 
the demonstrotion of the potential reversibility of a catas- 
trophe hitherto regarded as inevitably fatal. 
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Busulphan (Myleran) in Chronic 
Myelogenous Leukemia 

E. WILTSHAW AND D. A. G. GALTON* 


B usulphan was first used in the treatment of chronic myelogenous 
leukemia six years ago and it is opportune to try to compare its effects 
on sur\'ival with that of conventional radiotherapy. We have collected surt'iral 
times of 81 patients treated with radiotherapy alone or with busulphan alone 
or with both methods used consecutively. 

Clinical Matewal 

The records of 115 patients who attended Uie Royal Marsden Hospital with a 
diagnosis of chronic myelogenous leukemia between January 1936 and July 
l9oC were studied. Cases were discarded when the diagnosis was in doubt, 
when details of therapy were incomplete or when follow up was inadequate. 
The group of patients with leukemia attending this hospital may not rcfiect 
the distribution of the disease in the general population. Most patients were 
referred from other hospitals for special care, some had already failed to respond 
to treatment and others were sent in response to efforts made to collect patients 
for trial of a new therapeutic agent. Nevertheless the age distribution of our 
patients (fig. 1) accords well with that found by others. Of the 81 patients whoso 
records were adequate 46 were females and 35 were males. TSvo males and seven 
females are nlivc and well (August 1956). 

Estimation of Suuvival 

In published series, survival is recorded from the time of appearance of first 
symptom, from the date of diagnosis or from the date of first treatment to death. 
In chronic myelogenous leukemia onset is usually insidious and often cannot 
be fixed within six months. To record onset from first treatment is unsatisfactory 
because indications for starting thempy are so variable. The date of diagnosis 
bears no constant relation to the onset of diswisc. Thus in our series a few patients 
were diagnosed following routine blood counts ^^hen x'olunlecring as blood 
donors, others were dlscm'crcd while under treatment for an apparently un- 
related illness j in some cases episodes in the history* suggestive of splenic in- 
farction or priapism indicated that the disease was present at an earlier date; 
OCcasjon.'iIJy a definitive diagnosis could be made only in retrospect. One p-atient 
receiving treatment for tuberculosis developed. lcukemj.a over a period of two 
years. The transition was so gradual that no dale of onset could be defined and 
the case has been excluded from Uie sttr\*cy. 

• iMtUute of C»ncer llp*c»rch, Itoyat Criktt Hospital, London. 
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FiQ I Age (iiatribution of "9 cases of chronic myelogenows leukemia compared '^^th 
that found by Oauld et al (1953) and Guash (1954). 

In analyzing survival times, onset has been recorded both from the date of 
appearance of first symptom and from date of diagnosis recognizing that each 
method is at best an approximation. 

Types of Therapy 

Over the twenty-one year period from which the 81 cases have been drawn 
there has been little continuity of care; the practice of general medicine has 
changed radically and several clinicians have treated the patients The conditions 
under which patients receiving busulphan were treated differed greatly from 
those obtaining during the early years of the survey period and their significance 
cannot be readily assessed. However, median survival of patients diagnosed 
before and after 1950 is the same. 

When busulphan was first used large doses were given and shortened life 
span in several cases. Some patients were treated with arsenic, urethane, nitrogen 
mustard, and para-dimethylaminostUbene. 6-Mercaplopurine was given to 
seven patients within the last eight months of life which may have prolonged 
life by some four months in three patients. Because of the small number of 
cases, doubtful efficacy and difficulty of assessment these drugs have been ignored 
in this survey. Radiotherapy consisted of irradiation to the spleen in most cases 
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and to long bones or to the whole body in a few; two patients were treated with 
radioactive phosphorus. 

Results 

Survival lime from first symptom and from diagnosis have been plotted for 
the whole group and for ten subgroups according to sex and treatment received. 
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The subgroup ‘no therapy’ includes patients who received treatment other 
than bu&ulphan or radiotherapy. The subgroup “x-ray therapy and mylerau” 
refers to patients given both methods of treatment at some time during the 
course of their disease. Radiotherapy and busulphan have not been used simul- 
taneously in any patient. Tor each group a trial median survival has been indi- 
cated for the dead patients. 

Survival related to sex (figs, 2 and 3). Fifty per cent of thirty-nine dead fe- 
males lived more than 38 months from the onset of their first symptom, and 
32.5 months from the date of diagnosis For 33 dead males the corresponding 
figures are 29 and 27 months. There was an excess of females in the older age 
groups but analysis shows that survival time was not related to age at diagnosis 
in either sex. 

Sumral refuted to tAcrapy (figs. 4 and 5). Of the C females in the “no therapy” 
group 3 lived longer than 18 5 months from the date of diagnosis; of the 4 
males 2 lived longer than three months. Four of the seven dead females who 
received busulphan only and 3 of the 5 dead males lived 31 months or more. 

Of the 18 females given x-ray therapy alone 9 lived moie than 29 months and 
9 of 17 males lived 26.5 months or more. Four of the 8 females who received 
busulphan and radiotherapy lived more than 46 months and 4 of the 7 males 
lived 34 months or more. 
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Discussion* 

Krom fig;urc.s 2 and 3 it is evident that females sufTcring from chronic myelog- 
enous leukemia tend to live longer than nmlc.s. 

Figures 4 and 5 show that type of therapy has little influence on .survival 
but that patients treated with both radiotherapy nnd busulphan lived rather 
longer than those treated by either method alone nnd that this difTcrenre is 
greater for females than for males. Crosby ct al. found that the average do.‘«e 
per kilogram of radioactive phosphorus ncccs.sary to keep the disca.'=e under 
control was s5gn5ficai\lly less in females than in males. 

Hitherto nc have been unable to advocate busulphan ns n first line of treat- 
ment Iwcau^c it wn.s possible that long courses of the drug might cau^'C irre- 
versible bone marrow damage. However, thh study show.s that the life •p.an 
of patients tren(o<l with busiilplian alone is similar to that of patients tri'atoil 
l»y radiothernpy alone. When both radiotherapy ami busulphan are use<l survival 
may Ik* sliglilly incrr.a.'«od. 
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HYPOPIIYSECTOMY FOR CANCER 
By Mr. W. P. Greening (Royal Marsdcn Hospital) 


The purpose of this paper is to discuss the effect of beta radiation, using ytirium90, on 
the human hypophysis; and to show whether the transphcnoidal insertion of yiirium90 
rods, in an attempt to destroy the pituitary gland, is cither a justifiable or worthwhile 
procedure. 

We think that interstitial irradiation of the pituitary has a definite place in the treatment 
of selected cases. U is not a substitute for ablative surgery but an alternative procedure 
for those patients where a high operative mortality is expected, if they arc subjected to a 
major operation. 

Complete destruction of the gland is desirable but not essential, and worthwhile 
remissions may be obtained, with relief of symptoms, when a large part is destroyed. 

Since metastatic cancer of the breast inevitably terminates in death, it would be as well 
to review the different methods of treatment at present available. 

Gallon, in 1950, published a report dealing with 70 cases of breast cancer treated by 
androgens. All his patients were in an advanced stage of the disease and were completely 
unsclected. 

He reported a failure rate of 50%, a success rate, described as successful or moderately 
successful, giving a combined total of over 405C He said that of the 30 patients deriving 
benefit from the treatment, 21 obtained a remission lasting six months or more, 10 over 
one year and 3 over eighteen months. His maximum success rate was between the ages 
of 45 and 50, but a simitar, though smaller, peak occurred between (he ages of 35 and 40 

Improvement following oestrogen therapy in the posi*mcnopausal patients is of a similar 
order. 

Cade, m 1954, in an assessment of the results of adrenalectomy m a series of 36 patients, 
gave a complete absence of response in 29%, a very successful rate of 23% and a less 
successful, though still improved, rate ofSI %. He gives an extended survival ofup to twenty 
months, and remarks that successful results were achieved in about 52% of the patients. 

The results of hypophysectomy as reported by Lufi (Olivecrona and Luft, 1957), Pearson 
et at. (1956) and Kennedy (1956) show a slight increase m the success rale and a mortality . 
corresponding favourably with that of adrenalectomy. However, in Lufl’s scries hypophys- 
ectomy was achieved in only a few cases, and there has been a considerable improvement in 
his recent results, due to complete removal of the gland. The series reported by Kennedy was 
carefully selected, and this may account for the high rate of remission. 

This remarkable uniformity of results obtained by varying methods of treatment, indicates 
that hormone responsiveness in breast cancer is limited to half of the patients. 

Only 5 women out of 10 will benefit from any method which alters the endocrine balance. 

These facts make it necessary to balance the magnitude of the treatment against the result 
that may reasonably be expected. 

i\ mortality of 6% in both adrenalectomy and hypophysectomy, and a morbidity rate 
in the latter operation of similar proportions is inevitable. In both operations adrenal 

— .. I ,• — , — g significant number of cases. Any 

, * 'he patient and accompanied by a low 

It seemed that a small group of patients with metastatic breast cancer who, because of 
their poor general condition were conwdered unsuitable for ablative surgery, might benefit 
from interstitial irradiation of the pituitary, and we were, in the first place, trying to devise 
a method of either completely or almost completely destroying the gland, without the 
hazards or inconvenience of a major operation. 

50 patients, unsuitable or unfit for adrenalectomy, and possibly therefore for suigteal 
hypophysectomy, were treated by interstitial irradiation of the pituitary using unscreened 
radio-active gold As this form of treatment was regarded only as temporary palliation, 
every effort was made to avoid complications caused by damage to the neighbouring 
structures, and to select carefully the patients who might be hormone responsive. 

The activity of the gold seeds used in these cases was increased from a low value at first 
up to 20 me. towards the end of (he scries. The destruction of the gland was inadequate 
but the complications were few. They were dama^ to the parasellar nerves in 3 cases, two 
VI nerve and one 111 nerve palsy. There was one case of cerebrospinal rhinorrhoea. 
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The success rale and duration of the remission SO produced was not considered good 
enough to Justify continuing on these lines. For the last 30 cases we have used yttr{um90, 
because it is a pure beta emitter and has a short half-life of 64 hr. The yttnom90 
rods used are made of sintered yttrium oxide, and are 1 -3 mm. diameter, and 4-0 mm. 
long. Each source has an activity of approximately 3 me. at the lime of implantation, 
investigations by a combination of film and ionization chamber techniques show that along 
the perpendicular axis, the half-value layer of tissue is 0*7 mm. It has also been shown 
that with an activity of 3 me. the total dose is approximately 70,000 rad at 3 mm. from the 
rod; the necrotic boundary has been found to lie at this distance in a number of post-mortem 
sections of the hypophysis, and is a spherical volume of complete necrosis surrounded by 
normal tissue. The boundary transition belvicen normal and necrotic tissue is extremely 
narrow. 

In this senes a success rate of 40% has been obtained, a figure not dissimilar to diose 
produced by endocrine therapy and ablative surgery, although it is already apparent that 
the length of the remission is probably shorter. 

The immediate operative mortality has been 3%, but few of these cases would have been 
even remotely cowidered fit for adrenalectomy. 

One patient developed cerebrospinal rhinorrheea and one died of meningitis eight weeks 
after operation. There was no apparent cause for this at post-mortem, the floor of the 
sella was intact and the pituitary almost completely destroyed, There are two umlatcr^ 
ill nerve palsies m this series, and one unilateral optic atrophy. The urinary gonadotrophin 
in the cases treated by y»rium90 is estimated before, and at monthly intervals after, the 
operation, using the method developed m the Clinical Endocrinology Research Unit m 
the Unuerstty of Edinburgh, aod we are indebted to Dr. L. A. Loraine and Professor 
Boyland for help and advice with these estintatioos. 

The biological assay is based on the method of Klinefelter, AIbnght and Griswold, 1943, 
depending on the enlargement of the uterus of intact immature mice, 20-22 days old 
weighing 8-10 grams 

We find that 80% of cases show that gonadotrophin is completely eliminated from the 
urine posi-operaiively, in amounts detectable by this bio-assay. 

In considering the technique of implanting the yttrium, the following criteria must be 
satisfied' 

(1) There must be accurate insertion into the hypophysis. 

(2) The dose must be sufficient to cause necrosis of the gland but not to affect the 
surrounding structures. 

(3) U should be capable of being done quickly and easily without damage to the floor of the 
sella turcica. 

(4) Unless these conditions arc compleiely satisfied the operation should not be undertaken. 

We use an image intensifier working in two planes. In the lateral view there is no difikulty 

but «e find that a modified Tovs ncs’ view in the antcro-postcrior projection is of great value 
m locating the sella. 

Follow mg the operation, in most cases little discomfort is experienced, but in some, aspirin 
or codeine is necessary to relieve headaches for the fmt few post-operative days. 

The patient is kept on antibiotic coter both before and after (he procedure. 

Cortisone is withheld until there are signs of adrenal insufficiency. They appear at 
aboui the seventh day and are loss of appetite, nausea and vomiting. They cease as soon 
as cortisone is administered. 

Transient diabetes insipidus occurs in most cases between the second and third weeks. 

We think that damage to the chiasma or surrounding structures can be compleiely 
eliminated by accurate placing of the rods imdCT fluoroscopic control. 
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Effect of Radioactive Colloidal Gold on 
the Mast Cells of Bone Marrow 

An increase in the nvimbcr of mast cells has been 
reported m the thymus, spleen and bone marrow of 
mice exposed to long-continued gamma irradiation*. 
Hypopl^ia of the bone marrow has been reported 
in animaU and man following the administration of 
radioactive colloidal gold (gold-19a)*, but no refer- 
ence is made to any change in the mast cells. In 
the course of an investigation of the general histo- 
pathological effects of colloidal gold-198 admin- 
istered to rats, we have found an mcrease in the 
mast cell population of the bone marrow. 

The colloidal gold was supplied by the Radio- 
chemical Centre, Amersham, and consisted of a 
colloidal suspension of metalUc gold stabilized with 
gelatin. The particle-size was stated to be approx- 
imately 20-25 mp. Twenty-one male rats, of the 


tion of fat cells. In addition, the number of mast 
cells ^ras found to be increased and this mcrease was 
still apparent in the bone marrow of the animals which 
died at all times up to 120 days. In the bone marrow 
eections of each animal studied, the number of mast 
-.It. • , ’ _ '' ^ • nated 

: ■ • . ■ . • each 

• •• . . '•.■■■. n the 

. • • ; ■ ■ : ■ . , » -erage 

number of mast cells in ten high-power fields was 257 
(range 160-329) in the irradiated animals compared 
with 32 (range 18-39) in normal animals. 

In the irra^tcd animals the mast cells were more 
abundant in the marrow in the middle of the femur 
shaft and were located predominantly along the walls 
of the einuses. They were consistently larger, and 
vacuolation and dila^ration were more conspicuous 
than in the mast cells of normal animals (Tigs. 1-3). 
No evid^ce of mitosis was found among mast cells 
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highly mbred ‘August’ strain, weighing 8(V-99 gm., 
were given 15 pc. per gm. of body-weight of colloidal 
gold-198, seventeen animals bemg injected intra- 
venously and four Intrspentoneally, Ihree animals 
died within 30 days of injection, fourteen between 
€0 and 90 days and four between 90 and 120 days 
after injection. Autopsies were performed on nineteen 
of the animals, and m every case extensive necrosis 
of the liver was found. In twelve animals hemorrhage 
into the g^tro-intestinal tract, lungs and testes was 
observed, and in seven anlmAlq a considerable amount 
of fluid was present in the pleural ox peritoneal 
cavities. Sections were prepared from hver, spleen, 
lung, kidney, testis and bone marrow (femur). 

The bone marrow of the animals which died withm 
thirty days of injection showed the typical recovery 
pattern which is observed after irradiation ; the total 
cell population was below normal, the sinuses were 
dilat^ and congested and there was a high proper- 

( 80 ) 


in any of the many sections examined, and there w^ 
no significant differences between the animals in- 
jected intraperitoneally and intravenously. The roast 
cell population of the spleen was apparently im- 
changed, although histological signs of irradiation 
damage were present ; the thymus was not examined. 

We can offer no plausible explanation for this 
mcrease in mast cells. It seems, on morphological 
grounds alone, that the mast cells are produced 
locally, and their increase does not result firom an 
invasion of cells from outside. The remarkable 
absence of mitosis suggests that the increase is not 
the consequence of a proliferation of existing moat 
cells but more probably results from transformation 
and differentiation of primitive reticular cells ; the 
localization of the cells along the sinus walls is highly 
suggestive of this. 

Mast cells are considered to be related to the 
production of heparin*, and the occurrence of a 
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section describes the various features manifested by the genetic, material of the 
malignant cell; and their possible role m the genesis of cancer is discussed. 

Mitosis and chromosome behaviour in tumour cells 

The number of dividing cells is usually high in tumours, and the high mitotic 
index is a reliable measure of the growth of a particular tumour. The pioneer 
investigators of tumour pathology were already aware of the significance of mitosis 
and noted the irregularities which occurred during this process. Hansemann. 
(1890, 1891, 1892, and 1906) described the various abnormalities and concluded 
that the fundamental change in a tumour cell consists of a disturbance in cellular 
balance, either between chromosomes or between cytoplasm and nucleus. He 
assumed that the abnormal mitosis is the mechanism by which this is brought 
about. He considered that the cellular balance must be maintained for proper 
diflerentiation to occur (prorop/uj/tf) while imbalani^ results in cancerous behaviour 
{anaplasia) (see*Whiiman, 1919). 

Many cytological studies have been carried out since the work of Hansemann. 
and much information is now available about the abnormal chromosome behaviour 
in tumour cells (jec Ludford, 1930b; Koller. 1947a). The abnormalities of tumour 
mitosis can be divided Into two classes: (I) Those which affect the chromosomes, 
and (2) those which interfere with spindle development. 

The most frequent irregularity is the stickiness of chromosomes, which can 
interfere with proper chromatid separation during anaphase or telophase of 
mitosis (Figs. 45,46 and 49<j and 6). The configuration of ‘‘sticky’* chromosomes is 



similar to lhal of ihe closely paired homologous chromosomes during meiosis 
(gamete formation) This similarity led I'armer, Moore and U'aller (I9(M) to 
conclude that carcinogenesis is a process similar to pameiogencsis. occurring 
abnormally in som.iiic tissue. 
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Mitotic spindle disturbances are also frequent in dividing tumour cells (Figs. 
Ala and b, 48, and 49f), The spindle may be completely suppressed as a result of 
which the daughter chromosomes fail to move towards the opposite poles and a 
polyploid cell is formed (Ludford, 1930a). When a multipolar spindle is present 
the chromosomes are able to move from the equatorial plate but they will be 
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Fig. 54 — Histogram showing the distribution of cells with difTerent chromosome numbers in a 
human carcinoma of the colon. Note that the variation occurred in the subdiploid direction 
{Koller, 1947a). 


only 37 per cent of the 92 cells analysed had the diploid number. The variation in 
the number of chromosomes was similar to that found in embryonic tissues 
(Hsu, 1952). The author studied cell populations of more than 100 human effusions, 
and found a considerable variation not only in effusions of different patients, 
but in those of the same patient taken at different intervals (Fig. 53<7 and b, 56, 
and 57d and b). The data indicate that the range of variation in chromosome 
number depends to a great extent on the environmental conditions in the fluid 
(Koller, 1956). 



Fig. 55. — Distribution of chromosome numbers of a human liposarcoma cultured in vitro by 
Hsu (1954b). Note that the variation occurred in the hypcrdiploid direction. 


Mammals 

Variation in chromosome numbers was also observed in somatic cells of mam- 
mals, for example in the omentum of the cal, in ibefoetaJ membrane of the pig, and in 
embryonic rat tissues (see Beatty, 1954). The author also encountered cells with 
abnormal chromosome number in the bone marrow of adult rats, By employing 
an improved tissue culture technique, Hsu and Pomerat (1953) were able to analyse 
chromosomes in heart, liver, lung and skin of embryos of the mouse, guinea pig 
and the dog. The heteroploid numbers ranged from 39 to 46 in the mouse, the 
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Fig, 48.— Telophas® in a polyploid cell The four chromosomaJly unbalanced daughter nuclet 

remain in association by sticky chromosome bridges (cervical carcinoma) (Magnification 

X 2,000.) 

distributed irregularly among the several daughter nuclei. These abnormalities are 
common in both spontaneous and induced tumours. 

The mitotic irregularities produce cells with “cellular imbalance” postulated by 
Hansemann to be the cause of cancer. This idea was carried further by Boveri 
(1929) who stated that the abnormal distribution of chromosomes is the primary 
cause of cancerous behaviour. The classical experiments with double-fertilized 
sea-urchin eggs convinced him that the chromosomes of a cell have different values. 
He observed that an abnormal combination of the chromosomes, due to a multi- 
polar spindle, is followed by an increased rat? of uncoordinated mitoses in the 
developing larvae of the sea-urchin. Because the irregular groups of cells resembled 
malignant tumour tissue, Boveri suggested that cancerous growth might originate 
in a somatic cell which had acquired a defective chromosome content by multipolar 
division. The analysis of chromosome number in lar-induccd skin tumours of 
mice led Winge (1930) to the same conclusion. 

The incidence of mitotic abnormalities 

A quantitative analysis of various human carcinomas has been undertaken to 
determine if the abnormalities are of general occurrence. In Tables I and II it is 
shown that the incidence differs significantly in dificrent tumours and in different 
regions of the same tumour. Comparison of data obtained from biopsies taken 
from the same region of a tumour at dilTcrent intervals suggests that the frequency 
of abnormally dividing cells in the same cell population can also fluctuate. A very 
high incidence of abnormal mitosis was found in necrotic regions, while mitotic 
disturbances were rare, or completely absent, in the actively growing periphery of 
tumour cords. On account of this variability, which cannot be predicted, it is not 
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(c) W 


Fio. 49 — (a) Late anaphase in a tumour cell showing two chromosome bridges due to stickiness 
in the terminal segment The tumour has been induced in a rat by an aromatic mustard (see 
Table III, CB1044, tumour A), (h) synchronous division in tumour cells of a human effusion, 
showing stickiness of chromosomes, and the presence of multipolar spindle, (c) metaphasc 
of mitosis m a squamous cell of carcinoma cervix showing a three-armed equatorial plate, 
indicating a tri-polar spindle; (d) metaphase in a diwding cell of Walker-carcmoma 256 in 
the rat The chromosomes in normal cells are rod-shaped, in the tumour cells v-shaped 
and j-shaped chromosomes are present. (Magnification x 2,200 except 49c: x 2,600.) 
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Fio. 57.— <a) Dividing giant cell m a specimen of human ascites, in v-hich more than 800 chromo- 
somes are present; (b) synchronous nutoses in a giant multinucleate cell, showing the mixing 
up of equatona] plates and chromosomes; (e and d) chromosome bndges in a rat tumour 
induced by art aromatic mustard (see CBi(M8, tumour A in Table IlD- The bridges break at 
late anaphase (c) and the broken ends become joined at telophase (cf). which initiates another 
cycle of bridge formation. (Magnification: (o) x 400.(6) x 2,200, (e) and (rf) x 2,600) 
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permissible to use the frequency of cells with abnormal mitosis as a criterion for 
estimating either the growth-rate or the degree of malignancy of a tumour. 
Recently the suggestion has been put forward that the presence oflri-polar mitosis 
in suspected carcinoma in siiu in the squamous-cell epithelium of the cervix indicates 
malignancy (Therman and Timonen, 1954). 


TABLE t 

THE FREQUENCY OF MtTOTZC ABNORMALITIES IN CELL POPULATIONS 
TAKEN FROM THE PERIPHERY AND CENTRE OF THE SAME TUMOUR CORD 


(Kol/er, 1947a) 


Tumour 

1 

! 

1 

Region 
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biopsies) 

Periphery 
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(muUipte 

biopsies) 

Centre 

Number of 
dividing 
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dividing 
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3-97 

E 
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97 
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F 

48 
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1 C 1 
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C 
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1 24-74 


Id 

119 

5*88 

H 

1 131 

1 29-77 

Total . . 1 

1 

m 

5-26 


i 323 

1 24 76 


TABLE II 

FREQUENCY OF MITOTIC ABNORMALITIES IN DIFFERENT TUMOURS AND 
IN DIFFERENT REGIONS OF THE SAME TUMOUR 


(Ko/Jer, 1947a) 
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early 1951, became polyploid by this process. According to Hsu (1954a) there 
are no diploid cells in this tumour (Fig. 58) 



Humbtr Chrdmosentes 


Fio. 58 —Frequency distribution of cells with different chromosome numbers m 
the Hfla strain of human cersical carcinoma. cro>^n $n tirro (Hsu. 1954a) 

The same type of variation in chromosome number found in normal cells has 
l^cn observed in cancer cells cultivated in vitro (Goldschmidt and Fischer, 1929. 
Kemp, 1930; Levine, 1931 ; and others). The first important chromosome counts 
on splid tumour were made by Winge (1930) in 86 cells of tar jnduced papillomas 
in mice. The distribution of cells with varying chromosome number showed two 
maxima; one slightly less than the diploid number, probably 3S instead of 40. 
and another below the tetraploid, probably 68. Therefore it is not surprising that 
Winge accepted Boxcri’s theory that “malignant tumours arc derived from one or 
several cells, which have an abnormal chromosome number,” The author counted 
the chromosomes in the transplantable WalKcr carcinoma 256 of the rat and found 
that 58 is the most frequent chromosome number, that is. the tumour is hyper- 
diploid (2n = 42). Evidence was also obtained to show' that the frequency of 
cells with 58 chromosomes has been nuciuaiing in the diiTcrent transplant genera- 
tions of this carcinoma, 

Cytological investigations have been carried out on tumour cells of the ascitic 
Iluid of mice and rats. Reference is made to the articles by Hauschla and Levan 
(1951). Lc\an and Hauschka (1952). and Kaziuara (1954). in whidi a great 
variability in the chromosome number of various ascites tumours has been des- 
cribed and the cause of this variation discussed. 

The data presented show that hctcroploid). that is cells with irregular chromo- 
some numbers, is common in human and animal tumours. Some animal tumours 
arc known to consist of cell populations in which the cells vsith the norma! diploid 
chromosome number are in (he minority or completely absent. In sjeu of lh»» it 
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Mitotic ‘abnormalities are also observed in animal tumours. Their incidence 
was studied in a number of sarcomas, produced in rats at (he site of injection by 
aromatic mustards. It is shown in Table III that in the different primary tumours 
induced by the same mustard-compound, the type and the incidence of chromosome 
abnormalities differ greatly; in some tumours no abnormal mitoses were seen, 
and in others all types were represented with a high frequency. The most significant 
observation, however, was that most of the abnormalities were only temporary. 
They were not seen in the transplanted tumours derived from primary tumours 
rich in abnormally dividing cells. 


TABtE III 

CYTOLOGICAL CHARACTERISTICS OF NITROGEN MUSTARD INDUCED 
TUMOURS IN THE RAT 
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might be concluded that heteroploidy is the cause of malignant behaviour. How- 
ever, before accepting this conclusion, it must be remembered that heteroploidy is 
also present in normal embryonic and adult tissues and that the growth of most 
human and animal tumours depends on cells with the normal chromosome number. 
Evidence has been obtained by the author which indicates that heteroploidy is due 
to mitotic abnormalities (Fig. 53d) the incidence of which can be influenced by 
the environment. The frequency of cells with different chromosome numbers has 
been compared in Yoshida sarcoma of the rat, growing as a subcutaneous solid 
tumour and as peritoneal ascites. It was found that heteroploidy is much greater 
in the ascites than in the solid tumour, and there is a direct relationship between 
the incidence of mitotic abnormalities and heteroploidy {see Table VI). 


TABLE VI 

VARIATION OF CHROMOSOME NUMBER IN YOSHIDA SARCOMA 
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It IS concluded, therefore, that heteroploidy is a secondary elTeci which follows 
malignant change and is not the cause of it. 

Structural changes in the chromosomes of tumour cells 

The essential feature of Boven's chromosome theory is that the cancer cell has 
an abnormal chromosome complex or “constitution” (Chromosomenbestand). In 
the light of present knowledge the definilion could include alteration in a single 
gene or block of genes within a restricted chromosome segment. In other words, 
the change would be a structural rather than numerical alteration in the chromo- 
some complex. Because several of the structural changes, for example deficiency, 
deletion, translocation, inversion, can be recognized cytologically, there is the 
possibility that if these alterations arc present m the chromosomes of cancer cells 
they may also be disclosed by cyfological studies. 

Measurement of changes 

Quantitative comparison of the length of chromosomes in normal and malignant 
cells of man would be unprofitable because there is a graduation of size among the 
23 autosomal chromosome pairs which makes it difficult, if not impossible, to 
identify alterations by direct measurement. There are other ways, however, by 
which changes may be detected; one is (he comparison of the nucleolus-associated 
chromosome in the normal and the cancer cell. The cytological or chromomere 
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The variable frequency of abnormal naitoses observed at different points m 
space and time in the same tumour indicates rfiat the mitotic disturbances are 
environmetitally conditioned. Ludford (1930b) suggested that the irregularities 
seen in cancer cells are the result of the abnormal conditions present in tumour 
tissues. With a relatively poor vascular supply and the accumulation of the break- 
dovk'n products of metabolism and necrosis, there may be a sufficient degree of 
toxicity in the cellular environment to induce abnormalities. However, not all 
mitotic irregularities can be attributed to the unfavourable environment, because 
many of the abnormalities are present during the in vitro cultivation of tumour 
cells. The cause of chromosome irregularities may in the metabolic organization 
of the malignant cell itself. There is evidence that the mitotic pr'bcess is accelerated 
in cancer cells; the duration of propbase and post-metaphase stages is shorter 
than in mitosis of normal cells. The relative duration of the various stages was 
estimated from the frequencies of cells in prophase, meiaphasc and post-melaphase 
of mitosis shown in Fig. 50. The shortening of prophase stage is one of the most 
universal features of tumour mitoses (see Table IV), This effect may be another 
cause of many of the irregularities observed in dividing tumour cells (Koller, 
1947b; Therman and Timonen, 1954). 



Fiq. 50.— Histograms showing Iherelanvx frequencies of prophase, metaphajc and post-metaphase 
stages in gangl/al cef/s of a gralshopper {Corf^j>kasa). in spenTiatogon/aJ ccJls of tesftf and m 
tumour ceHs of man <Ko1tcr, 1947b). 


It has been mentioned already that the samp nitrogen mustard derivathv (sfe 
Tables 11 and III), v.hcn injected subcutaneously into rots, produced tumours 
which differed in the frequency of ibcir chromosome obnormatities. In some 
tumours they v^cre completely absent. This finding provides further evidence that 
mitotic abnormalities ate not an obligatory or unhersal feature of malignant 
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map of this chromosome is now known (Koller, 1953b). Another method is the 
analysis of chromosome structures in subdiploid malignant cells of human effusions 
in which unusual types can be more easily detected. The latter method has been 
followed by the author in a study of a pleural effusion of a patient with carcinoma 
of the breast. A very large chromosome with submedian centromere {I7-18;t in 
length) was present in 23 per cent of cells This particular “tumour-chromosome" 
is almost two-and-a-half times longer than the longest chromosome with a median 
centromere found in spleen cultures ofa human embryo (Hsu, 1952). Furthermore, 
extremely small, dot-like chromosomes, which may be called “minutes.” have also 
been seen in many tumour cells which are absent m the normal chromosome 
complex of man. These findings indicate that structural changes in tumour cell 
chromosomes do occur. 

Animal tumours 

The ascites cells of animal tumours are particularly suitable material m which 
to search for chromosomal structural changes. Bayreuther (1952) found m a 
hyperdiploid Ehrlich ascites tumour of the mouse, two exceptional chromosome 
types (designated as A and B). They could be identified easily by the median and 
sub-median position of the centromere, while in the normal chromosome complex 
of the mouse.the centromere is situated at one end of the chromosome. In 75 per 
cent of tumour cells both A and B were present, but some cells contained A or B 
only. The two chromosomes arc probably the result of duplication of chromosome 
segments. New chromosome types were also detected in other mouse ascites 
tumours studied by Hauschka and Levan (1951), and Fckeic and Griffen (1954) 

In Walker rat carcinoma 256 the author observed marked differences between 
the cancer cell chromosomes and those of the normal ordinary tissue cell. Most 
of the 42 (diploid) chromosomes of the rat are rod-shaped, having a centromere at 
the end, or nearly at the end of the chromosomes, while in the tumour studied by 
the author, the chromosomes were of three typ«; one with terminal, another with 
median, and the third with submedian centromeres (rod-shaped, v-shaped and 
j-shaped chromosomes). The rod-shaped chromosomes are the unchanged norma! 
chromosomes, while the large v-shaped and j-shaped are new types, which persisted 
in transplantation (Fig. 49d). Similar findings were reported by Makino and Kano 
(1953) who studied ascites cells of three sarcomas of the rat. Makino (1952) has 
also analysed the chromosome consfiiulion of Yoshida sarcoma cells, and found a 
similar situation. 

The author observed another type of new chromosome in a tumour induced in 
the rat by subcutaneous injection of an aromatic mustard (Koller, 1953a); about 
68*5 per cent of the dividing cells had chromosome bridges at anaphase (Fig. 59). 
The “bridge” configuration is known to be due to the presence of two centromeres 
in one chromosome (dicentric), in maize McClintock (1941) has shown, by the 
use of cyiological and genctical methods, that bridges are formed by the fusion of 
two broken sister chromatids, which occurs during interphase when the broken 
chromosome divides into two sister chromatids (Fig. 57c and <i). The configura- 
tion could persist almost automatically by the bridge-break-fusion c>cle, and its 
presence has been observed in more than 150 transplant generations of fumoun, 
though its frcQucncy varied bctw'ccn 7 and 65 per cent. It is interesting that in 
tissue culture and in ascites the dicentric chromosome was absent. 
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TABLE IV 

MITOTIC RATE AND RELATIVE FREQUENCIES OF MITOTIC STAGES IN 
IIU.MAN CANCEROUS AND EMBRYONIC TISSUE 


{Afitr Iwanaga, 1954) 
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2 I 

66*5 
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growth. Their presence in a tumour is a secondary phenomenon, that is they are 
the cfTect and not the cause of malignant transformation. They arc also of secondary 
importance in tumour development because cells which are undergoing irregular 
mitosis usually degenerate and fail to contribute to the growth of the tumour. 

Although mitotic irregularities arc absent in some tumours, it might still be 
argued that abnormal mitosis need onlyoccuroncetoaltcr the chromosome balance 
and produce a “primordial cancer cell.” The possibility that such an event might 
have taken place previously or simultaneously with the malignant change is 
examined in the following section where the number and structure of chromosomes 
in normal and malignant cells arc compared. 

The chromosome number in the eeils of normal and cancer tissue 
A fan 

The chromosome number in human cells was first reported by Winiwarter (1912); 
he counted 48 and 47 chromosomes in the diploid (2n) oogonia and spermatogonia 
respectively. The cytological studies of Painter (1923). Evans and Swery (1928). 
KoJJcr (1937) and others showed that the diploid number is 48 in'both sexes. 
Evans and Swezy (1928) also counted the chromosomes in embryonic tissues and 
found 48. Human fibroblasts have been grown in vitro by Kemp (1930); in most 
cells he found 48 chromosomes, but in a few there w'erc small deviations from this 
number, involving 1 or 2 chromosomes. Greater deviations were observed in 
tissues of human embryos and embryonic membranes. Details of these earlier 
reports are given by Beatty (1954) By using a greatly improved technique Tjio 
and Levan (1956) recently found in 261 cells from 4 dilTcrent human embryos only 
46 chromosomes. 

Timonen (1950) recorded the counts in 1,000 cells from normal human endo- 
metrium and found a variation from 4 to 104! In other publications written m 
collaboration with Timonen and Thcrman (1950a and 1950b) he reported a srnaller 
range of variattoti in the endometrium, and in embryonic tissues. Manna (I^4J 
found many hypodiploid and hypcrdiploid cells m the endometrial mucosa (hp 
51). A similar observation has been made by the author, who found considerable 
variation m chromosome numbers not only in the endometrium of ditterent 
patients but also In the endometrium of the same patient, taken at dmerent stages 
of the menstrual cycle (Fig. 52). Hsu (1952) carried out karyological Studies on 
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Fig 59 — Diagram illustrating the various types of chromosome bridges observed at anaphase 
of mitosis in a tumour of rat, induced by subcutaneous injection of an aromatic mustard (tee 
Table III, CBI048, tumour A, and Koller, 1953a) 


In the light of these observations it might be argued that the structural alterations 
responsible for the new chromosome types are the cause of the malignant trans- 
formation itself. In most human and animal tumours there is little evidence to 
suggest the presence of new chromosome types, yet structural alterations, which 
are confined to minute regions of the chromosome, could be present without being 
visible cytologically. 

Changes caused by environment 

While there is no evidence to show that structural chromosomal changes arc 
the primary cause of cancer, there is evidence that such changes in the cell can be 
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Nvmbtf of chomosoiott 

Fjo. 51. — Hjslogram shoiAfng the frequency distribution of chromosome numbers 
in the endometrium (Manna, 1954). 



No. of Chn?mo5omcs 

Fro. 52.— Histograms showing the sarkjtion in chromosome numbers in the endometrium of the 
same patient, analysed at interval of 59 d3>s. 
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sp!enic cxplants of human embryo cultured in vitro; out of 124 celli, 73 per cent 
had 48 chromosomes, others contained 49, 47, 46 , 45 and 44. and one cel( showed 
9i chromosomes. 

In view of these reports, somatic inconsistency of chromosome number in hvman 
embryonic tissues and membranes must be accepted as a fact. The evidence for 
variation of chromosome number in the endometrium is also definite and cannot 
be disregarded. The fate of the chromosomally unbalanced cells in growth and 
differentiation is an important problem and is discussed later. 

The chromosomes of human tumour celts have been counted by manycytologjsts, 
and while some found the number of 48 constant, others reported variation. 
Belling (1927) counted between 40 and 50 chromosomes in sarcoma cells, Evans 
and Swezy (1928) found only diploid cells, while Heiberg and Kemp (1929) noticed 
in a squamous-cell carcinoma of the cheek targe tumour cells with lelraploid 
(96 ; 4n) chromosome number. Similar observations were made by Levine (1930) 
who found giant cells with more than 200 chromosomes. The author analysed the 
behaviour and number of chromosomes in several human skin tumours and 
carcinomas of the cervix. In some, tetraploid and highly polyploid cells were 
frequent; in others the variation was restricted to around (he diploid number. 
Cells with subdiploid" chromosome sets were also observed. The dividing sub- 
diploid cells were usually lying adjacent to a dividing cell with a diploid or polyploid 
chromosome number (Fig. 536) (Koller, 1947b). Manna (1955) counted the chro- 
mosomes of 1,011 nuclei from 29 patients with carcinoma of the cervix uteri 
(Table V), and found that a large number of cells have their chromosome number 
distributed within a short range and not necessarily around the diploid number. 

TABLE V 

SUNfMARV OF THE DATA OF CHROMOSOME NUMBER JN TWENTY-NINE 
CASES OF HUMAN CANCEROUS CERVIX UTERI 

(Afartna, 1955) 


A/c. o/ ] 
cases 

1 

NuM 1 

Studied 

1 

Modal ; 

range 

Nuclei whMn 
modal range os 
aperceniage 

Frequency peak 
{average) 

9 

317 

36-47 ; 

79 ; 

42 

2 

83 

43-54 

69 

48 

5 

13i 

1 49-60 

69 

58 


395 

61-72 

45 

68 

4 1 

8S 

73-84 

55 

76 


The earliest observation, showing an unusually wide variation in chromosome 
number, was made by the author during the karyological analysis of human 
adenocarcinoma in the lower intestine (Koller, 1947a). The distribution of 
chromosome numbers is given in Fig. 54. While in this case (he variation occurred 
in the subdiploid direction, Hsu (1954b) described a recurrent liposarcoma growing 
in tissue culture, having more chromosomes than the diploid number; the lowest 
number was 57 and the highest 346 (Fig. 55). Hsu also cultured free tumour cells 
of peritoneal and pleural effusions, and in metastatic melanoma he found that 
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controlling gene in chromosome 3. A large number of coloured patches of variable 
size are produced in the kernel. Another interesting and important group of 
somatic mutations are the so-called “bud mutants” in trees which can be propagated 
by grafting. 

One of the main tenets of modern genetics is that genes determine the biochemical 
pattern of cells by controlling metabolic reactions, and that mutation in a gene 
alters the chemical environment of the cell on which depend normal development 
and cellular function. Since mutations are known to occur which affect the 
orderly balanced system of determining processes in somatic cells, a mutation 
might occur in a gene which controls the threshold of mitotic activity, and result 
in cancerous behaviour. 


Gene-block mutation 

The studies of the genetical basis of continuous variation disclosed the existence 
of genes, the effects of which are small, similar, cumulative and complementary to 
each other. These constitute a polygenic system, the Individual members of which 
are referred to as polygenes (Mather, 1943). Polygenes form the genetical basis 
of quantitative character^ such as weight, sire, length, intensity of colour, and they 
presumably act by controlling the rate of biochemical synthesis involved m (he 
determination of quantitative character complexes. 

Analysis disclosed that polygenes are concentrated in the helerochromatin, the 
special chromosome regions of varying dimensions which under certain conditions 
fail to give the Feulgen-stalnmg reaction. A close relationship has been demon- 
strated by cytochemical methods between hetcrochromatin and nucleic acid 
synthesis (Caspersson, 1939; Darlington, 1944) and it may be assumed that 
genotypic control is involved in cellular growth and multiplication. It can be 
expected therefore that mutation (genic or structural) in the heterochromatin, 
would affect polygenic complexes and cause disturbances in cellular behaviour. 
An instance has been reported in (he millet {Sorghum), in which an increase in 
the number of supernumerary helerochromatic chromosomes Jed to extra mitoses 
in the pollen grain (Darlington and Thomas, 1941). The author has suggested 
that mutation affecting heterochromatin is an important event and that this change 
in the heterochromatin may also be associated with the origin of malignancy 
(Koller, 1943). 

Thus modern genetic concepts lend support to the somatic mutation theory of 
Bauer, which in its early years met senous criticism. Some of the objections raised 
are attributable to a misunderstanding of the primary aim of the theory (for 
example, Blqnd, 1947). It is not claimed that the mutation theory explains the 
diverse and complex cellular reactions involved in malignant transformation, but 
It defines malignant transformation as a definite bioldgical phenomenon which 
can be investigated. For this reason the somatic mutation theory has been revived 
following the discovery that chemical substances (for example the mustards, 
epoxides, and urethane) can induce germinal mutations. If it can be demonstrated 
that chemical carcinogens (for example polycyclic hydrocarbons) also induce 
germinal mutations this would represent a strong piece of evidence in favour of 
the somatic mutation theory. The relationship between chemical carcinogenesis 
and mutagenesis is the subject of the next section. 
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C!r<’nlatmg ‘Iieparm*like’ gubstance, related to an 
uicxeasQ in blo^-clotting time, has been reported in 
acutely Irradiated dogs*. The prolongation of dotting, 
time occurred before the platelet count was appre- 
ciably reduced, and had decrease<l to a normal vmue 
before platelet recovery could be demonstrated in 
the peripheral blood. 

It baa been, suggested* tliat the increase in naaat 
cells in the thymus of Xurradiated hamstcre may 
augment the effects of the thrombocytopsenia whitJi 
occurs uv these animals. It should be eraphadzed 
that, in twelve of our animals, abnormal bleeding 
into the gastro-intestinal tract wm observed at a 
time when the bone marrow was apparently fully 
recovered and the platelet count could be espected 
to have returned to normal. 

It would seem that the role of mast cells m the post- 
irradiation haimorrhage synilrome deserses a careful 
study. 

We wish to thank Prof. D. W. Sraithers, m whose 
Department tlus work was carried out, and to the 
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THE RELIEF OF PAIN IN TERMINAL CANCER 

CoNTHAUf to popular belief, cancer is not usually a painful disease; in fact 
the primary lesions arc often so painless that they may grow to a considerable 
size before attention is directed to them. Sometimes, however, in the 
terminal stages pain may be severe, usually owing to the involvement of 
bone, or liver, or the infiltration of some part of the central nervous system. 
It has truly been said that medicine is an art not a science and in no 
facet of medicine is this more apparent than in the management of the 
patient who is dying slowly from cancer. There is no rule of thumb by 
which analgesics can be chosen and no simple formula for assisting the 
patient’s mental attitude to the pain and the disease. It is, however, the plain 
and unmistakable duty of every doctor, as soon as he is convinced that 
recovery is impossible, to devote all his art towards making the remaining 
days of his patient’s life as pleasant and pain free as he can. Furthermore, 
under these conditions he need no longer be restricted in bis choice of 
drugs for fear of subsequent addiction. 

LOCAL TREATMENT 

There are some general rules which may help to formulate one’s plans. 
If pain is localized it may be best relieved by local treatment. This is 
particularly the case with single deposits in bone and also in the case of 
carcinoma of the bronchus. The pain from these lesions can often be much 
diminished or abolished by high-voltage therapy, although the course of 
the disease may not necessarily be affected. Another instance of the use of 
local treatment is the carrying out of cordotomy for the relief of intractable 
pain of nerve origin 

ANALGESICS 

When local treatment is not suitable or not effective, general analgesics 
must be exhibited. It is usually advisable to start with simple and non- 
habit-formmg drugs, such as one of the many aspirin-codeine preparations, 
with or without the addition of phcnacetin. If, as sometimes happens, 
patients find codeine very constipating, then the aspirin, phenacetin and 
caffeine combinations may be tried. These drugs I wuld regard as the 
outposts in the defence of the body from pain. 

The next hne of defence would consist of the more powerful drugs, such 
as methadone, usually knovm by its proprietary name of ‘physeptone’ 
(tablets or injection, 5 to 10 mg ), pethidine (tablets or injection, 25 to lOO 
mg.); or possibly the addition of sedative solution of opium B.P.C., 1949 {5 
to 30 minims [0.3 to i ml.]) to the above-mentioned mixtures. Methadone 
and pethidine can be given by mouth without any side-effects, but sedative 
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Afutagenesis and carcinogenesis 

Sacharov (1938) was the first to use a chemical carcinogen, 20-mcth\lcholan- 
threne, on the eggs of fruit fly Drosophila; he found an increase in mutation rate 
The mutant genes studied were located in the sex chromosomes; they killed the 
male larvae. Auerbach (1939) found no mutagenic effect when she injected or fed 
larvae of Drosophila with another polycyclic hydrocarbon. I : 2 : 5 : 6 dibenzan- 
thraccne. The experiments of Demerec and his colleagues (1949) in which adult 
flies were exposed to aerosols of various carcinogens, were also negative. Burdette 
(1950) douched the vagina of Drosophila, before copulation, but obtained no 
evidence of the mutagenic effect of polycyclic hydrocarbons. While most of their 
experiments yielded negative results, increased mutation rates were observed m 
Afeurospora (Tatum, 1947) and in ^cherichia coli (Lafarjei, Buu'Hoi and Elias. 
1950) after exposure to 20-mcthylchoIanthrene. 

Strong, in a series of reports (1926, 1940, 1945a, 1945b, 1945c. 1946. 1947, 1949a. 
1949b) claimed to have induced mutations in mice, and in a large number of 
tumours, by the subcutaneous injection of meihylcholanlhrcnc. The occurrence 
of several changes in coat colour and pattern of pigmentation amongst the descend- 
ents of treated mice, led him to conclude that they represented germinal mutations. 
He also found differences in the frequency of meihylcholanthrenc-induccd tumours 
in the various sub-lines which were derived from treated animals and he assumed 
they were due to mutations in genes which determine the degree of susceptibility 
to tumours and which are located in different chromosomes. The increased 
mutation rate was calculated by Strong to be 1 in 400 mice as compared with the 
1 In 26,250 non-treated animals. The Importance of Strong's data could be 
evaluated by further investigation. 

The mutagenic property of / ; 2 ; 5 ; 6 dibenranthraccnc in mice has been 
feporied by Carr (1947, 1948). He injected the carcinogen into “mainly inbred” 
mii^ of dominant lethal-yellow genotype, and in the dcsccndcnl generations in 
which “some in-breeding” had been permitted. 5 definite and 2 spurious mutations 
were found. In another experiment using CBA (non-inbred) strain. Carr observed 
one dominant mutation in 62 chromosomes analysed. As no genetic lexis have 
been carried out to confirm whether the changes observed in the offspring of 
treated mice arc due to gene mutation, the results require further comparative 
evidence. 

U may be concluded that certain carcinogenic hydrocarbons can cause mutations 
in moulds and b.icleria, and it is Iikcl> that they produce gene mutations in mice, 
in addition to tumours. The mutagenic and cardnogenic properties of numerous 
other chemical substances have been imcstigalcd in Drosophila. AVurnyx-'m, 
Cschcrirhia coli for the genetic test and mice or rats for the cam’nogen test. It 
was found that the aliphatic and arom-atic nitrogen mustards, dtepoxides. poI>- 
eth>lcneimine5. dimcthanesufphonox>3lLanes and urethane h.ivc mufagentc and 
careinogeme activity. Reference is made to the papers of AuctKsch (1949. 1951). 
Bird (1952). Woolley (1953). Hojland (1954) and Rurdctie (1955) 

Amongst the physical mutagenic agtnti. ionizing and uttra-vioVt radutuvit 
ate the most impsutani and their effcclx have I'ccn viudicsJ in inveftebfain 
vcflcbratcs The mutagenic propertiev of x-rays v»ere discovered b) .Muller ( 1^2 
and the mut.ngenic properties of ulira-violcl radiation by Altcnburg (|9.13) 7>eve 
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Cuopfoi/rif /ijr/fir.— Reciprocal crosses between certain hij:l)-mamnur\ and 
low-mammary cancer strains base disclosed that tumour incidence is high when 
the mother is from the high tumour strain and low when she comes from a tow 
tumour strain. Tins difference Indicates that a c)toplasmic factor Is involved m 
tl\c causation of mammary cancer in these strains.* This cytoplasmic factor^ catted 
the “milV-agent” docs not. however, appear to be an essential component in the 
development of mammary tumour, because there arc strains which arc free from 
this factor and yet develop breast cancer. The agent docs not arise i/e novo, but 
must be introduced directly by breast feeding. The rote of the milk-agent seems to 
be to increase the tumour incidence only. Thus the introduction of the agent from 
C3H strain has converted the very low cancer strain C (incidence 1*4 per cent in 
breeding females) into a high cancer strain (incidence 81-9 per cent) which is 
designated henceforth as C* (Andervont, 1941, 1945). 

It has also been discovered that the propagation and transmission of the milk- 
agent arc controlled by genes. This is similar to the case of Faranieciutu where 
the propagation of the plasmagcnc kappa is controlled by gene K in the nucleus. 
Data have been obtained also which suggest that the response of mammary gland 
tissue to the milk-agent is controlled by genetic factors. 

This summary shows that several factors arc involved in the development ot 
breast cancer in mice and that of them the most important component is genetic. 


( 989 ) 



the CEMETIC COMPONENT OF CANCER 
1955 )'*^"^ known to produce cancer in animals and man (Funh, 1954; Blum, 

Although many of those agents which produce cancer also cause gene mutations, 
it cannot be concluded that “all mutagens arc carcinogens and all carcinogens are 
mutagens’* (Strong. 1947); for example, formaldehyde is not a carcinogen, yet it 
is a mutagen in Drosophila\ oesirogens are carcinogenic but no mutagenic activity 
has been recorded. In spite of these exceptions, which may be due to the fact that 
their mutagenic and carcinogenic activities were tested In widely diHTerent systems, 
that is in moulds and mice respectively, the striking correspondence between 
carcinogenic and mutagenic properties of the same chemicals cannot be dismissed 
as a coincidence. Muller (1954) attributed the carcinogenic eflect of radiation to 
its property of producing gene mutations and showed that many chemicals can do 
likewise. He stated that the theory of somatic mutation of cancer has a high 
probability of being a fact. 


Gene controlled tumour formation in Drosophila 

About 24 dilTerent tumour strains arc known in the fruit fly. The “growth” 
appears during the larval stage and becomes encapsulated in a sheath of melanin. 
During pupation the tumour undergoes histolysis with the rest of the larval tissues 
but with the exception of the melanin, which persists in the abdomen or thorax of 
the adult fly. Several of these tumours are due to multiple genes and others are 
due chiefly to the action of one gene. The penetrance, that is frequency of incidence, 
of this abnormality is influenced by the environment, and in one reported case 
cytoplasmic factors were involved (Makino and Kanehisa, 1954). Many of the 
tumours are associated with lethal genes. If the duration of the larval period is 
prolonged by the introduction of certain genes, for example “giants”, the tumour 
can grow to a larger size and exert detrimental effects (Burdette, 1954; Oster, 1954). 

The benign tumours of Drosophila originate from blood cells, some of which 
become melanized and accumulate in the distal haemocoele of the larva. Harnly 
(1955) studied a second chromosome recessive gene, tw-c, which was responsible 
for melanotic tumours with 96 per cent penetrance. He showed that the /w*e gene 
synthesizes a “carcinogen” which can be extracted and when injected into a non- 
tumour strain host produces a melanotic tumour. The histogenesis of gene- 
determined melanotic tumours has been analysed by Ofledal (1953), and Kaplan 
(1955), who found that the first phase of tumour development is an accumulation 
of spindle cells around the pericardial cells, followed by the enlargement of the 
tumour and an invasion of the fat-bodies. The terminal phase is melanization. 

The only malignant tumour is that reported by Shatoury (1955); it has invasive 
tendencies and kills the larvae. 1' ....... * ' *• . ..\ 

which is located in the sex chrom ■ ■ i ♦ ■ . ■ ■ ■ ' 

components of the lymph-node, •• ' ' s 

at the end of 3rd instar stage. Many cells are released from the cancerous node; 
they invade various regions and organs such as the imaginal discs, nerve and fat- 
bodies, and the larvae usually die before pupation. 

One of the most interesting phenomena is the “anti-neoplasllc” activity of the 
third cell-type of the lymph node, called the platelets. These cells grow into giant 
bi-nucleale or tri-nucleate cells, which encapsulate the tumour and prevent its 
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Zung cancer 

The strain differences in the incidence of lung tumours are shown in Table VIII. 
Spontaneous pulmonary tumours appear much later in life than mammary tumours, 
but when carcinogens are injected into mice susceptible to lung tumours, the latent 
period is reduced and the incidence and number of tumour nodules arc increased. 
Thus in strain A mice, I : 2 ; 5 : 6-dibenzanthracene reduces the latent period 
from 18 months to 6 weeks, and increases the incidence from 90 to 100 per cent; 
the number of lung nodules is 75 per mouse. In the low-incidence C57L strain 
the same carcinogen induces pulmonary adenomas in 25 per cent of mice and the 
latent period is reduced from 18 to 12 months, the number of lung nodules being 
0‘27 per mouse. 

TABLE VIII 

INCIDENCE OF PULMONARY TUMOURS IN SOME INBRED STRAINS OF MICE 
(Law, 1954) 


Strain 

Incidence of 
pulmonary tumours 
(percentage) 

O/Acr characteristics 

A 

8U~90 

Approximately 80% mammary cancer 

C3H . 

5-10 

90%mainmarycancer; 10-30% hepatomas 

C57BL 

<• 1 


C57L 

<1 > 

Less than 5% mammary cancer 

BALB/c 

20-30j 


Swiss 

40-50 


C58 . . 

<1 

90% iymphoeyth leukaemia 

I 

10-20 

Adenomatous lesio/is of stomach 


The investigations of Heston (1940, 1941, 1942a, 1942b, 1954), Heston and 
Deringer (1947), clarified the genetical background of susceptibility to pulmonary 
tumour in mice. When the high incidence strain A was crossed with C57L, which 
is a resistant strain, mice of the hybrids and of the F, showed a different degree 
of susceptibility to pulmonary adenomas (Fig. 65). The statistical analysis of the 
data showed that at least 4 genes with additive effects form the genetic basis of 
susceptibility. Transplantation experiments fndicate that the response to a 
carcinogen is determined by the genotype of the transplant and not by that of 
the host; that is the action of genes Is localized within the pulmonary tissue. 

Heston (1948b, 1954), Heston and Deringer (1947), found that the incidence of 
lung cancer is influenced by several genes; (I) Lethal-yeUoy/ (which controls 
pigmentation in the hair, causes obesity and kills the homozygous embryo) 
increases the incidence, while(2).rAii^er-2; {3) hairless", and (4)^eArerf-/oW decrease 
the frequency of pulmonary tumours. These genes may affect the lung tissue 
directly, or act by controlling growth in general. 

Leukaemia 

This group of tumours in mice is of special interest because they are like those 
in man. C58 and AK strains have a 90 per cent incidence of leukaemia. Myeloid 
leukaemia is known to occur in the Rf strain and both lymphoid and myeloid 
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spread. The inhibitory action of giant cells is more than a mechanical result, 
for Shatoury found that the encapsulated spheroids and hexagons disintesrate 
while the free tumour ceils become melanized. 

Shaioury’s studies suggest that during the early developmental stages of Vroso- 
phila, neoplastic and antagonistic tendencies are present, but are controlled by 
gene or genes, which probably constitute a polygenic system. Mutation in one of 
these genes can cause a switch towards one or the other tendency. For example, 
the gene I-ni might increase the potency of tumour-promoting tendencies or 
reduce the capacity of the tumour-opposing ones. 

In the offspring of Drosophila treated with diepoxybutane (a mutagen in the 
fruit fly and a carcinogen in mice and rats) about 25 per cent of the sex-linked 
lethal gene mutations are associated \rith melanotic tumours (Fahmy. personal 
communication). It is probable that the drug induced mutations in more than 
one locus, and one mutation may occur in the gene or in one of the genes, which 
control growth and difTerentiation. 

The main importance of tumours in Drosophila is that their occurrence depends 
on one or several specific genes. Tumours with invasive tendencies described by 
Kaplan and Shatoury, are gene-determined developmental abnormalities, which in 
many respects are homologous to malignant growth of higher organisms. 


The target theory of mutation and cancer 
The geneiical analysis of the radiation-induced mutations in Drosophila has 
shown a proportionality between the quantity of radiation received and the number 
of mutations produced. The quantitative relationship is interpreted in terms of 
the target theory. This assumes that gene mutation is caused within a specific 
volume, called the ‘‘target," by a single ionization, which provides the necessary 
energy (quantum) for molecular transformation (Timofee/T-Ressovsky, 1937, 
Muller, 1954). 
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Pm. 60.— Graphs illustrating the dosc-respcnsc nhlionship bct>*fen the varhuf geneiKal efunga 
in ihc chromosom« of Drosoghifa after a-ray and triuine f2:4r6:Tfi-<cfhjlcncimfno>-l;J;5- 
Iriarine) A tola) “ktha]" muialiora) changes; B' iethals without visible chromovomc 
rcarrangemcnls; C; lethats with rearrangenienu. My/rr Fahmy and Bird, 1933 ) 


A low radiation dose yields a low number of ionizations and thus the probability 
of the "target'’ being hit and a mutation occurring is low; conNcrsely. a high dose 
has a high probability of causing mutation. When chemical mulagens mcit 
discovered, several investigations were carried out lo determine the "dosc-rrsponse 
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F;q 65 — Incidence of pulmonary tumours in the A and C57L (L) strains, and in the Fj. F, and 
backcross (A-BC, l^BC) hybrids, following iniravertous injection of dibenzanthracene 
(Heston, 1942a). 


leukaemias in the S and F strains, all with low incidence. Slorrs*LitlIe (StoLi) 
strain is a highly resistant line and with C58 was extensively used by MacDowell 
and his colleagues (1935, 1936, 1948) to study the genetic basis of susceptibility to 
leukaemia. 

By crossing a single C58 high ieukaemic male with three females of StoLi 
resistant strain, Fj hybrids were produced and mated with low-leukaemic StoLi 
strain, and the first backcross mice were then mated with StoLi strain to obtain 
second backcross families. The incidence of leukaemia was then determined in 
50 families as shown in Fjg. 66. The distribution of leukaemias indicates that 
susceptibility to leukaemia depends on several genes. The results were complicated 



Fio. 66 —Graph sho^^ing the frequency dWnbotkm of second baclcrcm family (CSS x StcU) 
according lo lota! inadcnce of Icukaema (Uw, 1954 ) 
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^60 the genetic component of cancer 

relationship for chemically induced mutations. Fig. 60 illustrates the curves 
obtained by Fahmy and Bird (1953) for radiation and chemically-induced gene 
mutations There has been an increased interest in the dose-response characteristics 
for the production of tumours by carcinogens. It is hoped that, by extrapolating 
the data from dose-response experiments with Drosophila, the number of mutations 
or “events” required for the transformation of a normal into a cancer cell may be 
ascertained. If the target theory is applied to the study of carcinogenesis it follows 
there has been an acceptance of the assumption that the cell contains certain genes 
controlling growth and mitotic activity, and that the mutation must occur in these 
specific genes. 

Charles and Luce-CIausen (1942) were the first to interpret the kinetics of papil- 
loma-formation in benzpyrene-treated mice in terms of mutation rate. They found 
that the number of skin papillomas rises continuously from about five weeks after 
the first painting until about a month after the last painting of the carcinogen, 
and that the square root of the average number of papillomas per mouse formed a 
straight line when plotted against time after the first painting. Making various 
reasonable assumptions (namely that the mutation is the first step in malignant 
growth, that one cell is involved, that benzpyrene considerably increases the rate of 
mutation) they concluded that the linear relationship obtained when the square 
root of the number of papillomas is plotted against lime as an expression of dose, 
indicates the occurrence of /no separate events or mutations for the induction of a 
papilloma. A different conclusion was reached bylversen and Arley(Iverscn and 
Arley, 1950; Arley and Iversen, 1953) in their studies of the induction times of 
spontaneous tumours, and of those induced by polycyclic hydrocarbons, and Shope 
virus. They found a direct relationship between induction time and concentration 
of the carcinogen or virus, and inferred that the transformation of a normal to 
malignant cell is a single event. A similar observation was reported by Graffi (1953). 

An analysis of dose-response relationship in the kinetics of pulmonary tumours 
was carried out by Heston and Schneidennan (1953) in strain A mice which were 
injected intravenously with I : 2 : 5 : 6 dibenzanthracene. They found a linear 
tumour-dose relationship (Fig. 61)» which indicates a “single-action” within the 
cell as the basis of malignant change. If this single action is genic the change would 
be a dominant mutation. 

The application of dose-response data in experimental carcinogenesis is poten- 
tially important for the testing of the mutation hypothesis of a malignant change. 
However, there are several prerequisites for their interpretation: (a) the tissue 
chosen should be stable; (b) the tissue chosen should be exempt from hormonal 
influences; (c) the carcinogen should have a short duration of action; (d) a single 
dose should be effective to produce tumour; (e) ail tumours should be counted; 
and (f) no indirect effects should complicate the process of tumour induction. 
According to Wollman (1955) the data on which previous investigations relied fall 
short in many respects, particularly as to the total number of tumours or papillomas 
induced (for example, Shlmkin and McClelland, 1949) and the complications due 
to indirect effects. . 

The experiment of Kaplan and Brown (1952) illustrates the difficulties which 
may be met with in the interpretation of dose-response curves. They produced 
thymomas in C57BL mice by x-rays, and found that the logarithrn of the estimated 
average number of tumours per mouse versus logarithm dose of irradiation had a 
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by the numerous environmental variables, such as longevity, parturition, strain of 
nursing females, and sex. 

Reciprocal backcrosses of hybrids between high and low Icukaemic strains cave 
different results, indicating maternal influence (Table IX). MacDowell and 
Taylor (I94S) found that in the crosses, the SloU mother contributed a definite 


TABLE IX 

LEt KAEMIA IN THE STfiAlNS €58, STOLI AND CROSSES BETWEEN THEM 


{Basetf an data of Mac Dowell and Richter, 1 935) 



Leukaemia 

No 

leukaemia 

Total 

Per cent 
leukaemia 

C58 . 

543 

63 

606 

89 6 

StoLi 

4 

302 

306 

1-3 ' 

€58 5 V sioLi d (A) 

i6 

53 

139 

61-9 

StoLi X €58 d (C) 

45 

61 

106 

42 5 

F, i (from A) x StoLi d . . 

74 

85 

159 

46 5 

Fi d (from A) x StoLi * . . 

19 

77 

96 

19*8 


and specific resistance to leukaemia and this maierna! resistance factor was more 
cfiective when the StoLi mother was old. On this basis experiments were designed 
in which the maiernai resistance factor suppressed the development of leukaemia 
in susceptible strains. MacDowelPs investigation showed that the maternal 
resistance factor can be transmitted through the milk, egg and the placenta. 

At least two genes are known which arc linked with susceptibility to leukaemia; 
diYufion (d), and flexcd'tail (/), are both pIus*modifiers, that is they increase 
susceptibility, ft is mentioned that d increases body size, while / produces anaemia 
jn mice a few days after birth. Experiments also indicate that thymic tissue through 
some mechanism still unknown, influences the occurrence of leukaemia. The 
carcinogen-induced leukaemia incidence in CBA mi<« is reduced from 69'7 to 
22*0 per cent after thymectomy. When the operation is followed by auto-plastic 
grafting of the thymus, the incidence is restored to 69*1 per cent (Law and Miller, 
1950). 

Reference is made to the claim of Gross (1954) that cell-free extract of AK 
leukaemia produced leukaemia in C3H mice, a strain free from this disease. Law, 
Dunn and Boyle (1955) were unable to confirm these findings jn every detail. 

The genetic basis of susceptibility to other tumours 

The breeding experiments with mice with susceptibility or resistance to the three 
types of cancer already mentioned have shown that several genes are involved in 
determining the incidence of malignant growth. Results indicating the presence of 
multiple factors have also been obtained for other tumours; for example of the 
stomach, bone, bladder, and skin 

Stewart and Andervont (1938) found that old mice of strain f had a stomach 
lesion which begins to develop at 4 months of age and is accompanied by anaemia. 
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slope of 2; that is the average number of tumours per 

the square of the dose. It was discovered, howerer. tha ,j,y-.us eland. Tlic 
carcinogenic stimulation increases the tumour incidence in y Qjjjbtc (o 
magnitude of this indirect efTect cannot yd be measured 
determine the number of induced changes or mutations neccss y 

from a thymus ceil to a malignant thymoma cell. omhle us to 

Advances in expertmenlal procedure, as indicated by o . ’ , ofcarcino- 

obtain more reliable dose-response data, which can be used in (he study 
genesis. 

Age incidence of cancer end ihc mutation theory 

Thu loug latent period “f 

cancer is considered a scnous objcctio I •} » fjjr,|icrnalicnant change 

cancer. Bauer {1949> stated [hat the narafiinl 18 years for 

remains latent on the average 9 ycare for -x-mys, ^ ©f this OJhers 

an,liu»ud 40 years f«so)ar rad.at.on^^ut 

recorded that the latcm und Huybiltle. 1955). 

irrespective of the dose (Pciersen, materidl, uniform diet and treat- 

Blum (1950), using his experiments on ullra- 

mcM, reduced biological vanabilily l of tumour frouib 

violet radiation induced rumours m ra.« and found Ibar^ 
svas not constant ’°^ ! .h^ld adopt immediately a nos and cnnslanl 

induces mutattions vn cells. tnc> n 
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Though the lesion does not appear to be a malignant tumour, the animals have a 
short life. Gruneberg(1952) is of the opinion that this hyperplastic lesion represents 
a borderline case. Its incidence shows a great variation in crosses betueen strain 1 
and various resistant strains; this suggests that several genes are involved in 
determining susceptibility. True adenocarcinoma of the gastric mucosa has been 
observed in NH mice. The stock is derived from inter-crossing CBA. IK and N 
strains (Strong, 1945a, b, c). When mice of NH line are injected with 20-mcihyI- 
cholanthrene, adenocarcinoma develops with high frequency, and the high 
susceptibility is transmitted to the offspring, designated as the NHO strain Strong 
claimed that his observation indicates a two-fold action of the carcinogen (1) 
mutation; and (2) transformation; the first in a germinal gene for susceptibility 
to stomach carcinoma and the second as a somatic mutation in the gastric mucosa. 

Bone tumours are rare in mice except in one strain developed from Simpson- 
strain by persistent selection and inbreeding. This is known as PM after Pybus 
and Miller (3938), who were responsible for establishing it. During five years of 
observation more than 300 osteogenic sarcomas were found in these mice. Reports 
now indicate that the susceptibility to bone tumours has been lost from the stock. 
From the PM strain a sub-line has been obtained in which uterine and cervical 
carcinomas occurred with high frequency. 

Strain specific susceptibility to various cancers has been detected in mice by the 
use of carcinogens C3H mice have the highest incidence of subcutaneous sarcoma 
at the site of Injection, or at distant loci, after 20-mcthylcholanthrcne treatment, 
while HR (hairless) mice have the highest frequency of squamous-cell carcinoma 
The degree of susceptibility of various strains of mice to the action of carcinogen^ 
producing skin tumours is as follows: C3H > HR > C. > > C57L > C57B > 

DBA > I. The increase In the incidence of tumours above the basic level by the 
action of the carcinogen can only occur if the animals are susceptible, that is If 
the genetic factors are present. When they are absent, for example in resistant 
strains, the application of carcinogen does not produce tumours. An exception is 
leukaemia, because x-rays and chemical carcinogens readily induce the disease In- 
micc which arc known to be resistant, for example mice of strain C57B and strain 
A. Law (1954) put forward an explanation by assuming that the development of 
cancer is a threshold phenomenon. Some strains are far below the threshold 
and no tumour can develop after applying a carcinogen, while other strains arc 
only slightly below the critical threshold and the carcinogen can raise these 
strains above the critical level and lumoursappear. 

In addition to the genes which are primarily responsible for the strain dilTcrcnccs 
in respect of susceptibility to various cancers, many contributing non-gcnciic 
factors have been detected. Maternal influence, as an essential component of 
tumour incidence, has been mentioned. The age of mother, and frequency of par- 
turition arc other factors which can alter genetic determination. Changes in 
hormonal stimulation also innuence (he development of certain cancers. Thus. 
Woolley and Little (1945) were successful in producing tumours with a high 
frequency in the adrenals of mice of the CE strain after castration. The presence 
of specific genes, mostly delcrminanis of morphological characters, for example 
tlUhluich f Ulcxahtail). decrease the frequency of tumours in siKceptiblc mice. 

The combination of these ficiors with the multiple gene complex of siisccpti- 
biliiy. make ii dinicuh to cl.irif> the Mcndclun mechanism of the hcreilii.)ry 
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rate of growth. Blum concluded that the rate of proliferation in certain cells is 
progressively accelerated by successive doses which explains the latent period and 
the sudden appearance of tumours, but is against the somatic mutation theory. 

According to Berenblum and Shubik (1949) carcinogenesis is a two-stage 
process; the first is the initiaiion, the second is the process oi activation. The 
initialing process represents a sudden and irreversible change in a small number of 
cells in the treated area, giving rise to isolated “/atent” tumour cells, which remain 
morphologically like normal cells. These cells arc further activated and subsequently 
become morphological tumours. The definilion of the initiating process suggests a 
mutaiion-Iike change in the cell, and seems to support the somatic mutation theory. 
However, Berenblum and Shubik were unable to show that the mutagen mustard 
gas has any tumour initiating property and they question the applicability of the 
somatic mutation theory to carcinogenesis. 

Muller (1951) postulated that many cancerous growths require not one but a 
series of mutations in a' cell before the malignant change is completed. It is obvious 
that the time element constitutes an important factor in this process, and from the 
age incidence of cancer it would be possible to estimate the number of events or 
mutations which must occur in a cell before cancer appears. 

Nordling (1953) analysed the frequency distribution of cancer according to age 
in man and found that within the age group 25-74 years, the logarithm of death 
rate increased in direct proportion to the logarithm of the age, but about six times 
more rapidly (Fig. 62). He suggested that this relationship can be explained if a 
cancer cell is the end-result of seven successive mutations. The hypothesis postu- 
lates that the probability of occurrence of each mutation remains constant through- 
out life I In spile of the fact that the high Incidence of certain malignancies of 
children and women presents formidable deviation from the trend postulated by 
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transmission of a particular tumour. Furthermore this survey shows that in 
every instance in which geneticaMy-conditioned susceptibility has been studied it 
has been found to be always influenced by environmental factors, some of which 
arc known already, but many more have yet to be identified. 

Genetics of tumour transplantation 

The observation of fundamental importance, made by Loeb in 1902, was that 
a tumour which arose spontaneously in a Japanese waltzing mouse grew in all 
mice of the same strain but not In those of other strains. The role of the genetic 
constitution of the host in determining the fate of a tumour graft has been demon- 
strated by Little (1914), who found that the growth of a transplanted tumour 
depends on the presence of the same genelic constitution, that is genotype, in both 
donor and host mice. The laws of transplantation are summarized as follows: 

(1) Tumours grow in and ultimately kill all animals of the strain of origin. 

(2) Tumours fail to grow In unrelated strains. 

(3) Tumours grow in F, animals one of whose parents is of the same strain as 
that in which the tumour arose. 

(4) Tumours grow in a certain proportion of F* mice and backcross mice 
(Fi X resistant parent) (see Table X). 

(5) Tumours arising in Fj will grow in all Pi hybrids of the same strain, but will 
fail in either parent strains- 

(6) Tumours arising in the F* will grow in all F, mice and a certain proportion 
of Fj and backcross mice (Bittner, 1935). 

(7) Certain tumours arising in F, may grow in all mice of one or the other of the 
parental strains (Bittner, 1935). 


TABLE X 

TRANSPLANTATION OF SPONTANEOUS MAMMARY ADENOCARCINOMA 
(14905a), OF «A’* STRAIN ORIGIN 
(/1/ter Cloudman, 1932) 


Case 1 

Host 

mice 

Donor \ 

1 Number of mice 

Per cent 
positue 

PosUhe 

NegatUe 



' A 

206 

0 

too 

2 1 

DBA 

A 

0 

174 





' MS 

1 0 




1 F, X F, 

i 67 

1 tS4 

, 30 3 

5 1 

A BC 

X A 

91 

1 0 


6 1 

DBA BC 

F, X DBA 

6 

1 81 



The proportion of susceptible and non-susceptible mice in F* and backcross 
generations indicates the number of genetic factors involved, called the “histo- 
compatibility or H-genes” (Snell. 1948). The lowest number, one-gene, was found 
for mammary carcinoma 17495a of strain A; the highest number is 12 and was 
found for mammary carcinoma I6J89a of the same strain. 

The host can be conditioned by injection of lyophilized tumour tissue, cell 
fractions or tissue antisera of the donor strain (Snell. 1954). This enhancing 
effect*’ is probably Immunological as demonstrated by Toolan (f955). 


( 994 ) 



BEHAVIOUR OF CHROMOSOMES AND GENES 363 

the hypothesis, it has the merit of explaining the latent period and the increased 
incidence of cancer with age. 

The statistical method of Nordling was criticized by Stock (1953), who converted 
mortality rates into cohort rates for cancer of the stomach and estimated that the 
number of mutations required for malignant change is 5 instead of 7. Armitage 
and Doll (1954) found the regression coefficient for the incidence of cancer in 
different age groups varied from 4-97 to 6-48. According to them the observed 
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Fio. 63. — Change m mortalily vmh age shf»\^n on a double lognriihmfc scale The death-rate 
per nulljon persons plotted against the logarithm of Ihc mid-point of the age group. The 
straight line through the points has been drawn arbiiranly to give the best fit, subject to the 
gradient being 6 to 7 (Armitage and Doll, 1954). 


incidence of cancer of the oesophagus, stomach, colon, rectum and pancreas in 
males and ofcanccr of the stomach, colon, rectum and pancreas in women supports 
Nordling’s hypothesis that 6-7 successive changes arc necessary within the cell 
before cancer appears as a clinical entity (Fig. 63). For cancer of the lung, ovary 
and ccrvi’i in women, and cancer of the lung, bladder and prostate in men, the 
obscnaiion diverges from the Ihcorcrfcal regression curves cither wholly or In 
part. The graphs shown in Fig. 64 illustrate significant deviations in cancer 
incidence for certain sites. The deviatiori from the si\ power ma> be due to the 
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Another phenomenon in tumour transplantation is the occasional change !:■ 
the number of required histocompatibility genes. The classical case is the mammar, 
adenocarcinoma dbr-D, studied by Strong (1926), which required 7 H-genes 
‘’Loss” or mutation in the H-genes resulted in the establishment of three tumour 
sub-lines: dbr-Dm, and dbr-DB\ which needed 2. and dbr-DBs which needed 
only 1 H-gene. Several other instances are known in which mutation in histo- 
compatibility genes has occurred. 

Sudden changes in transplantability have been found by transferring a tumour 
into an Fi hybrid, a cross between the susceptible and resistant strains Barrett 
and Deringer (1950) described a ihree-fold increase in transplantability while 
Hauschka (1952) reported an increase as well as decrease in specificity in the 
transplantability of the DBA lymphoma and an increase in TA3 mammary 
adenocarcinoma. The experimental data are shown in Table XI. 

TABLE XI 

COMPARISON OF BACK-CROSS TAKE PERCENTAGES AFTER UNINTER- 
RUPTED PASSAGE OF MOUSE TUMOURS IN THE STRAINS OF ORIGIN AND 
AFTER ONE TRANSFER THROUGH F, BETWEEN SUSCEPTIBLE AND 
RESISTANT HOSTS 

, {Hauschka, 1952) 


Tumour 

Direct transfer 
% + in BC 

Transfer vta Fi 
% + in BC 

DISE 

Hypoihettcal shift 
in antigenic 
factors 

C3HBA Barrett* .. 

7'8±I-6 

24 0±3-2 

4 5 

4or3— 2 

TA3 

28-0±3-2 

ll-2±3 1 

, 3-7 

2 3 

DBATA 

24-0±2‘t 

]1'6±3 2 

3 3 

2 3 

obata 

22 0±2-I 

34 0±4-7 

2 3 

2 ? 

DBATS 

5-l±2-2 

' 0 9±I 0 

1 8 

4or5— — ? 


* The da(4 for OHBA are those of Barren and Deringer. 


The detection of somatic mutations in transplantable tumours is simplified by 
the use of isogenic resistant strains (IR) which dilTer from the susceptible strains 
by a single histocompatibility gene. At present 70 of these strains exist and their 
number is increasing. 

Tumours in animals and in plant hybrids 

Hybridization between races, species, genera or strains, produces conditions 
other than those found in either parent. Metabolic processes are known to be 
controlled by genes, the rale and interaction of which will be afiecied to a varying 
degree by the altered genetic background of the hybrid (Wagner and Mitchell, 
1955). The genetic disequilibrium may favour response to carcinogenic stimuli, 
and malignant growth develops, which rarely if ever occurs in the parental strain ; 
for example tumours of the Harderian glands in hybrids, of C3H x C57B cross. 
Table XII shows the variety of tumours obtained in Fj reciprocal hybrid mice by 
Dickie (1954). ^ v ^ 

Evidence of an increased tendency to tumour-formation has been observe in 
the inter-specific hybrids between Mus muscuius (C57B) and Mus harinanus 
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fact that the incidence of ovary, cervical and proslalic cancers are under the 
mnuence of endocrine secretions and that the incidence of lung cancer is influenced 
by smoking habits in men. 



Fio 64 — Graphs showing the change in mortality with age for certain cancers, in which the 
observation cli\crges from the theoretical regression cunes either wholly (for example prostate, 
cervix and uterus) or in part (for example lung) (Armilage and Doll, 1954). 


These statistical studies show that the hypothesis which postulates the occurrence 
of several mutations for malignant transformation has much evidence in its favour. 
For this reason we may be justified in recognizing “the multiple mutation theory 
of cancer” as a modified version of the somatic mutation theory. The multiple 
mutation theory might help to explain the significant deviations from the expected 
incidence, caused by divergences in social, economic and religious habits. 



374 


TUL GENETIC COMPONENT OF CANCER 


TABLE XII 

TYPES OF TUMOURS FOUND IN F, RECIPROCAL HYBRID MICE 
(D/fX/f, 1954) 


CL X DBA . 

32 mice 

2 lung tumours 

6 lymphoid lutnours 

A X C3H , , 16 mice 

14 lung lumoyrs (87-50";) 

7 mammary tumours 
(100%) 

I hep.itoma 

DBA -V CE . 

. 29 mice 

5 lung lomours 

6 mammary tumours 
(42-85%) 

1 papilloma i 

1 mlerstitijl<cll tumour 
icslis 

C3II X A 20 mice 

11 lung tumours (55'00%) 

2 hepatomas 

2 lymphoid tumours 

DE X DBA . 

34 mice 

14 lung tumours 
(41 t7%) 

2 adenomas -Hardcrian 
gland 

2 epidermoid carcinomas 

3 fibrosarcomas 

1 lymphatic leukaemia 

2 papillomas 

I myocpJthcJfoma sali. 
vary gland 

3 hepatomas 

1 giant-ccIl sarcoma 

C A C3II 1 1 1 mice 

7 lung tumours 

3 ovarian tumours 
, 6 uterine sarcomas 

1 hepatoma 

2 sarcomas 


{ Lillie- 1 939). These species di/Tcr in size, rate of maiuriiy and fecundiiy as measured 
by litter size. The hybrid mice showed a marked increase In tumour incidence, 
and the frequency of multiple tumours was about three limes greater than in 
A/m nmi'uhs. one of the two parental species (T aWe XI JJ). Poll (1920) reported 
testicular tumours in species hybrids of birds (peacock and guinea fowl). 

TABLE Xltl 

INCIDENCE OF TUMOURS IN TWO SPECIES OF MICE AND IN THEIR 
HYBRIDS 
(U/t/e, 1939) 



Total 

mice 

Percentage 

1 H///1 

lumonrs 

No. 

of 

' fiiiwurs 

1 Pereemoge 
) o/ taiof 
puce Htth 
epiihelial 
lumoitrs j 

Percentage 

\cifiolafmiCC 

»ithnop- 

epiihelial 

niiiioiirs 

j Percentage 

J of lolul 
mice « iih 
multiple 
\ tumouri 


159 

3 8 

6 

3-8 j 

^ 0 0 

0 0 


877 

14 4 

137 

1 6 1 

13-2 


F, )l>bricls 

1 

121 

45 5 

72 

13-2 J 

39 66 



The best analysed example of tumour production by hybridization is that of the 
melanotic tumours in fishes, studied by Gordon (1951, 1952)- These tumours are 
determined by several genes necessary for the development and function of 
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macromelanophores, the pigment producing cells, and also by modifier genes 
which act as growth regulators. Their development is attributed to the genetic 
imbalance caused by hybridization. Melanotic tumours were observed in the 
imer-generic hybrids between Platypoecilus nmculatus (platyfish) and Xiphophotui 
helleri (swordtail) and in the interspecific hybrids between Platypoecilus nmulaius 
and P. conchianus, which live 1,000 miles apart in Mexico. Gordon also found 
that certain fishes may develop melanomas when the mclanophore- 

genes and their modifiers were brought together by planned breeding. 

Observations have been made on plant tumours which develop in certain inter- 
specific hybrids of tobacco (Nicotiana). Kostoff (1930) described 9 tumour- 
producing hybrids, and the number of known hybrid combinations is now about 
26 (Kehr and Smith, 1954). The tumours, described more correctly as “atypical 
growths,” develop usually in mature plants and can affect the roots, stems and less 
frequently leaves, but rarely kill the plant. Cytological studies of the tumourous 
growth have shown that, while mitotic abnormalities are absent in the parental 
species, their incidence is high in the N. glauca X Langsdorfii hybrid. In other 
hybrids irregular growth may occur and certain parts of the plant, usually the le.aves. 
show sectorial mutation due either to gene mutation or to chromosome chminaiion 
The cytogenetic studies carried out on various hybrids indicate that at least one 
whole set of chromosomes of one species must be present in the hybrid for pre- 
disposing tumour-formation. 

Similar behaviour to that shown by the Nicotiana hybrids has been reported 
in certain inter-specific hybrids of Datura in which ovular tumours develop uith 
high frequency (Satina, Rappaport and Blakcslee, 1951). 

The occurrence of tumours in hybrids constitutes additional evidence showing 
the importance of the genetic background in the development of cancer. According 
to Kehr and Smith (1954), the growth regulating mechanism in hybrids has been 
disrupted by the combination of the two different genotypes and the "atypical 
growth” is attributed to the disturbed cellular metabolism. 


Variation, adaptation and mutation in experimental tumours 

Alterations in the structure, histological organization and behaviour of tumours 
have been observed by several investigators. Sarcomatous transformation of 
carcinoma is one of the best known examples, and occurs in vitro as well as in 
vivo. The cause of this may be the mixed epithelial cells and fibroblasts of the 
original tumour. This transformation would be the result of selective over-growth. 
The change, however, may also be interpreted by the plasmagcne theory, according 
to which plasmagcne under certain conditions can “infect” adjacent cells and 
change (heir behaviour (Billingham and Medawar, 1948). 

Algire (1944) demonstrated" that the morphological feature of tumours can 
altered by selection. He produced a pigmcnt-frcc tumour from melanoma S91 by 
selecting only “pale” tumour-grafts for transplantation. The loss of melanin and 
perhaps that of the pigment forming enzyme s)'Stcm is responsible for the develop 
mcnl of “amelanotic” melanoma. TTiis process closely resembles that desen^ 
in Parameenmu in wliich the “killer” property can be lost. It has been 
tl'c cyloplasmic kappa, responsible for lire seeref.on of .be loe.e ^ 

eliminated by aeceleroling eell division. Beejuse Ihe rate of mullipbcalion of 
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subordinate to the cytoplasm in heteroploid tumour cells (KoJIer, J947a). It also 
throws Some light on the process of deviation from differentiation by assuming a 
competition between normal, unchanged and mutated' plasmagenes. There is 
experimental evidence that this competition does exist in ceffs. 

The author is of the opinion that the plasmagene theory represents a broader 
aspect of carcinogenesis and within its boundary all the other theories of cancer 
can be accommodated, and as Darlington slated “it enables us to take the cancer 
problem out of the lumber room of biology and use it as prop and buttress for the 
whoie subject” (Darlington, 1948). 

GENETICS AND EXPERIMENTAL TUMOURS 

Inheritance of tumours in mice 

The establishment of inbred strains in mice made it possible to investigate experi- 
mentally the respective roles of genetic constitution (that is genotype) and of 
environment in the development of cancer, Ditfcrences between the various strains 
in the incidence and types of tumours developed arc fundamentally genetic. Suscep- 
tibility to cancer in mice is inherited, but breeding tests have also disclosed the 
complexity of the genetic background. No tumour has yet been found in mice 
the occurrence of which is determined by a single gene. The studies indicate that 
many genes are involved in determining susceptibility, and that the genes have 
cumulative effects. In addition to the direct genic control, extra-nuclear factors, 
for example milk-agent in mammary cancer and the maternal resistance factor in 
leukaemia, can be involved also in the production of malignant tumours. 

Some of the most important findings relating to the genetics of certain tumours in 
mice will now be discussed briefly. More extensive reviews have been published by 
Heston (1948a), Griinefaerg (1952), Woolley (1953). Law (1954), and Shimkin (1955). 

Mammary cancer 

Several strains are known in which this tumour develops, but they differ in 
incidence and the age at onset. Table VII shows ihe frequency of mammary 
cancer in 5 pure strains of mice; the data were obtained in different experiments 
by several investigators, which accounts for the variation in tumour incidence 
within Ihe same strain. 

Extensive breeding tests, particularly those carried out by Bittner (1936, 1937, 
1939, 1949, 1950) and Heston (1945, 1948a), have thrown light on the genelical 
and non-genelical factors in the devehpment of breast cancer. Three factors 
influence its occurrence in mice: (I) genetic constitution, that is genes which 
condition susceptibility; (2) oestrogenic hormones; and (3) a cytoplasmic ractor. 

Generic constitution. — The number of genes directly involved in determining 
susceptibility is not known, but breeding data indicate there must be several which 
are distributed in different chromosomes. The susceptibility-genes are closely 
linked with agouti, lethal’yellow, and brown coat colour, the genes of these characters 
being located in the fifth and eighth chromosomes. 

Oestrogenic hormones. — The difference in the incidence of breast cancer in 
Virgin and breeding females of the same strain indicates a strong hormonal influence, 
but the latter and the response of the ovary and mammary gland tissue to hormonal 
stimulation are under genic control. 
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kappa fails to keep pace with that of cell division, the number oHappa particles 
will gradually decrease in the daughter cells, which finally become com'pletelv 
free of it (Sonneborn, 1951). 

Change can also affect physiological behaviour, as a result of which the tumour 
will show increased virulence, growth rate and altered specificity in transplantation. 
These changes could be brought about by (1) adaptation; (2) gene mutation; or 
(3) shifting the balance of histocompatibility genes through numerical changes in 
the chromosomes. 

Physiological adaptation 

The increased transplantability of a mammary adenocarcinoma, which was 
achieved by passing the tumour through F, hybrids, has been interpreted by 
Barrett and Deringer (1950) as an example of physiological adaptation. The process 
is similar to that described by Spiegelman (1951) who analysed the long-term 
adaptation to galactose and melibiose fermentation in yeast and found that 
contact with substrate induced modification for the formation of enzyme, which 
was transmitted indefinitely in the presence of the substrate. Increased trans- 
plantability could also be the result of an unequal production of certain intra- 
cellular antigens as suggested by Gorer (1948). In both instances the tumour 
genotype has not changed, and therefore the different behaviour may be a physio- 
logical adaptation. 


Gene mutation 

Mutation in the histocompatibility genes of tumours has been reported by 
Strong (1926), Snell (1948), Hauschka (1953), and several others. Borges and 
Kvcdar (1952) found that mutation of the H-gene can also occur in the host. 
Owing to gene mutation, it is likely that the tissue of tumours contains cell variants 
with different histocompatibility gene complexes. As the cells with the mutant 
H-genes can be sorted out by selection, they form the source of new growth- 
potentialities in the tumour. 


Numerical changes in the chromosomes 

Alteration in transplantability of tumours can also be brought about by numerical 
changes in the chromosome set. Such a change represents a drastic re-arrangement 
of genic equilibrium and would affect the histocompatibility genes. Hauschka 
(1953), and Hauschka and Levan (1951, 1953) analysed the relationship between 
immuno-genetical properties and chromosome numbers of tumours and concluded 
that “tumours with diploid chromosome number are completely strain specific, 
while tumours with tetraploid or near tetraploid constitution exhibit various degrees 
of genetic indifference with regard to (heir host-requirements.” 

The Krebs-2, Ehrlich, Sarcoma 180 and 37, S9l Melanoma and Walker rat 
carcinoma are non-strain specific and all have heteroploid chromosome numbers. 
It is not improbable that they became freely transplantable because of the chromo- 
somal duplications, which shift the balance of the histocompatibility gene complex. 

In view of the fact that gene mutation and numerical change in chromosome , 
composition occur in tumours, the cell population of a malignant growth is a 
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solution of opium may cause constipation owing to the opium content (this 
can be corrected by a mild laxative) and, on occasion, in a morphine- 
sensitive person, it may cause vomiting. There is a vast range of proprietary 
analgesics which fall somewhere between the two groups already mentioned 
in their strength of action and some doctors \vill have a preference for one 
or other of these, such as ‘anadin* or ‘edrisaV. 

MORPHINE AND ITS DERIVATIVES 
The next line of defence is the main and most solid line and is soundly 
based on the pain-relieving qualities of morphine and its derivatives. Mor- 
phine itself (i/6 to \ grain [lo to 30 mg.]), ‘omnopon’ {r/6 to 1/3 grain 
[10 to 20 mg.]), dihydromorphinone hydrochloride, B.P.C. 1949 (‘dilaudid’) 
(1/32 to 1/16 grain [2 to 4 mg.]) and finally diamorphine hydrochloride 
(heroin) (1/12 to 1/3 grain [5 to 20 mg.]), all most effectively given by 
subcutaneous injection, are those in common use. The chief disadvantage 
of morphine is that in from 5 to 10 per cent, of patients severe nausea or 
vomiting occurs and cannot always be confolled by such simple additions 
as ‘avomine’, 25 mg., or pyridoxine, 10 to loo mg. Patients rarely suffer 
from vomiting following ‘dilaudid* and hardly ever after heroin. If there is 
very severe pain, morphine or ‘dilaudid’ may be more effective; if severe 
discomfort and depression or anxiety, then heroin is the drug of choice. 
In the case of all these morphine-group drugs constipation is likely to occur 
and should be guarded against by giving mild laxatives, unless they them- 
selves are contraindicated by the nature of the lesion. 

If pain is very intractable and all else has failed a reinforced morphine 
or heroin effect may be achieved by combining these drugs wth amiphena- 
zole (‘daptazole’), which diminishes the depressant action^without altering 
the analgesia; doses up to 1 to 2 grains (60 to 120 mg.) of morphine, J to 1 
grain (30 to 60 mg.) of heroin may then be given. Alternatively, if the 
patient has more general discomfort and depression than pain, what is 
knowm at the Royal Marsden Hospital as haustus 'E’ {‘E* for euphoria) is 
used. This consists of: — 

Morphine hydrochloride ... J grain (16 mg.) 

Cocsune hydrochloride i gram <10 mg.) 

Gin 60 minims (4 rnl.) 

Honey 60 minims (4 ml.) 

Chloroform water to } fluid ounce (15 ml.) 

The prescribing of gin on an E.C. 10 prescription form is liable to be 
frowned upon by the Ministry of Health. As a way of getting round this 
difficulty, C. A, Clarke {^The Practitioner^ 1957, 178, 38) recommends 
prescribing ‘gin’ as follows:— 

‘Rectified spirit 120 minims (S ml.) with tincture of capsicum i minim (0.03 ml.)* 
The initial dose of haustus 'E* is ^ to ^ fluid ounce (7 to 15 ml.) and this 
usually relieves discomfort and gives the patient a pleasant drow’sy feeling. 



Finally, there can be no doubt that uith incurable cancer in the terminal 
stage the patient should be kept pain free, even if this means keeping him 
practically unconscious, There can be no excuse for allowing patients to 
suffer unnecessarily once the diagnosis has been made and the inevitability 
of an early death is^apparent. 

P. E. Thompson Hancock, m.b., f.r.c.p. 

Physician, Royal Free Hospital, and Royal Marsden Hospital. 
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mosaic of numerous cell variants (Klein, 1955). The selection pressure exerted 
by the host, and also by drugs or x-rays, can lead to a gradual, or occasionally to 
sudden, transformation of tumours. This transformation has been produced by 
exposure of leukaemic cells to antimetabolites. According to Law (195^) the 
“mutation” to resistance or dependence occurs spontaneously in the leukaemic 
cell population; the role of antimetabolites is that of a selective agent only 
Those few examples are sufficient to show that not only tumour-susceptibility, 
but the character and behaviour which malignant growth displays during develop- 
ment, are also regulated by genetic factors. 


HEREDITY AND CANCER IN MAN 

Introduction 

The possibility that cancer in man may have a genetic basis is suggested by the 
publication of a number of pedigrees showing the high incidence of particular 
forms of the disease in members of one family. One of the most famous pedigrc.s 
is that of the family “G” which has been analysed by Warthin (1913, 1925) (Fig 
67). The incidence of cancer amongst members, who reached the “canccr-age” is 
31*8 per cent and Warthin concluded that a recessive familial susceptibility to 


Family G 



Q P7't 


Flo. 67.-Th. pcdrsrcc of IhTO ecticniliora in "“i' 

site of cancer and age at d«ih » indicated IW ) 


f999) 



HEREDITY AND CANCER IN MAN 


JS7 


TABLE XIX 

DISTRIBUTION OF TUMOURS IN TWINS (IN PERCENTAGE) 
(Mack/tn, 1940) 


Type and 
site of 
, tumour 

Afonozi'potic 

• DlZ}goiic 

Concordance 

Dtseordance 

1 Concordance ' 

Discordatre 

Any type, all sites .. j 

61 3 

'■ 38 7 

t 44 4 ( 

56 6 

Specific type, same site . . i 

1 

55 0 

1 42 0 

i :4. ; 

76 ' 


Gorer (1953) analysed the occurrence of gastric carcinoma m peJigrecs of turns 
collected by various authors. The data of Table XX show that m ' of 19 mono- 
zygotic pairs both were affected, in 5 the tumour uas at the same Mtc In tl'c 
dizygotic twins only one case of concordance was found. The differences between 
the two series of twins suggests that stomach cancer has a hereditary basi^ On ’I. ' 
other hand, a similar analysis of twins with mammary carcinoma has shown nu-ic 
concordance in dizygotic then in monozygotic twins, and Gorer drew the conclusion 
that the role of a genetic component in the causation of breast cancer is scconJa-y 


TABLE XX 

CANCER OF THE STOMACH IN TWINS (UNSELECTCD MATERIAL OM.Vi 
(Gorer, 1953) 


Amhors 

Monot)goiie pel's 

No. of 
pairs 1 

Discordant 

j Concordant 

tumour 

Different 

tumour 

Von Verschuerand Kob<r(l940) /. 

6 

4* 

2 


Uusk and his colleagues (1948) .. i 

6 

5 

•— 

I* 


7 

3 j 


1* 


19 

12 { 

5 1 

2* 



Dhigode pairs 


von Vcrschuer and Kober (1940) .. 1 

I’ 1 

1 

1 “ 1 

1 f 

Uusk and his colleagues (1948) 


6 

1 

1 J* 

Others . 

9 

1 4 




34 

2J 

1 

9 


• Th*« lumoor. bo«h .n lh« Ur»« 1 0"« •lih of Urft 

Accor J.n* u> , commun*:jt«n from V.r«h«f. 2 rr«r« r«l« worn of »S* 


Geneiies of pre-coneerous conditions 
^fuiUpie pohposis of the intestine 

Multiple polyposis of the intestine usually leads to carcinoma of the lower 
digestive tract. Studies of family histories indicate that pobr<”is » gencnrally 
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cancer is present, affecting the gastro^intcstinal tract of the males and primarily 
the uterus of the females. Waaler (1931) studied familial histories of cancer patients 
in Holland and found that the incidence is higher for male relatives of patients than 
it is for the husbands of patients, or for the general population; this Indicates a 
hereditary susceptibility. An impressive number of pedigree charts have been 
compiled and analysed by Lentz (1947) and Schintz. Cocchi and Neuhaus (1948). 
Three pedigrees are illustrated in Figs. 68<7and A, 69, taken from Lentz’ collection. 



gagostric 
p • poncrcotic • 
(o) 



Schintz's pedigrees contained over 25.000 individuals and were followed through 
svx or seven generations. The authors found that the frequency of carcinomas is 
increased amongst close relatives (sisters, brothers, and parents) of the probands 
or propositi with carcinoma. Contrary to expectation the incidence in relatives of 
patients with sarcomas was lower than in the general population. 
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conditioned, being inherited as a dominant character. Dukes (1930), Lockhart- 
Mummery (1934) and Gardner (/95f) recorded pedigrees in which several members 
of family groups were affected with the disease (Fig. 73). 



Fio. 73.— Pedigree of muHiplepofyposfs of the intestine. (After Oukes, 1952.) 


It has been found that several patients with carcinoma of the lower digestive 
tract had also skin tumours. There are records of families in which not only 
surface tumours but osteoma, localized to the mandible, maxillae and other 
cranial bones, were also diagnosed in the presence of polyposis (Gardner and 
Richards, 1953). It is possible that the cancerous lesions of different sites are 
pleiotropic manifestations of the same gene. If, however, there are several genes 
involved, a very close linkage of these genes must be postulated. Neel (1954) 
estimated the frequency of multiple polyposis in the Slate of Michigan, United 
States of America to be 1 in 29,000 individuals, the frequency being about 15 
times less than was calculated for neurofibromatosis. 

Xeroderma pigmentosum 

Another pre-cancerous condition is xeroderma pigmentosum, characterized by 
dryness, pigmentation and ulceration of the skin, which is followed by the develop- 
ment of epithcliom,! or basal-cell carcinoma. This condition is attributed to 
hypersensitivity of the skin, particularly that of the basal cell layer, to sunlight. 
Cockayne (1933) by analysing the family histories of patients, concluded that 
xeroderma depends on a recessive autosomal gene. In the 43 family histories he 
studied more than 30 per cent of the patients came from first cousin marriages. 
Haldane (1936), in his search for incomplete sex-linkage in human pedigrees, 
analysed 82 family histories collected from various sources, and by employing 
new statistical methods concluded that the gene xeroderma is incompletely sex- 
linked. The present author studied the occurrence of xeroderma pigmentosum in 
three families; in one family several members were affected (Fig. 74) (Koller, 
1948). In this particular family there were unusual features — the late manifestation 
of the disease and an unexpected segregation of the condition among the sexes. 
These facts led to the conclusion that the gene responsible for the mild form of 
/Xeroderma may have been transferred to another region of the sex chromosome, 
arid as a result it shows a position effect. The other possibility is that another 
independent autosomal gene is responsible for the mild condition in this family. 

Raciat incidence of cancer 

In mice there are strains in which the incidence of certain types of cancer is 
very high. It has been demonstrated by a large number of workers that the 
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In the study offamiJy pedigrees with cancer, however, there are many factors to 
consider, many of which are not fully understood. For example, it must be 
remembered that cancer is a fairly common disease in the genera! population, and 
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Fio. 74 —The pedigree of a family in which xeroderma appeared m a mild fcim 
(KoHer, 1948 ) 


difTcrence between strains is determined by the particular genotype. The question 
naturally arises whether a similar situation exists in man. Comparison of the 
incidence of the same cancer in various racial groups has revealed some interesting 
facts, which initially seemed to suggest that genetically determined racial differences 
for certain cancers may exist. 


Primary carcinoma of the liver 

The best illustration is that of the primary carcinoma of the User. It Is uncommon 
in Europeans, but in Africa, particularly in the Bantu tribes, it is the most common 
variety and has been referred to as a "raciar' cancer, implying that in the African 
negroes there is a hereditary tendency to develop hepatic cancer. An objMiivc .stud) 
of the primary liver carcinoma in the Africans, howeser, has revealed that jMs 
environmentally conditioned and dictar>’ dcficicndcs arc mostly responsible lor 
the hich occurrence. Davies (1955) found that in 3.573 autopsy cases. 17 per cent 
of liscV cirrhosis was associated srith carcinoma. Cirrhosis ffprc'fnis an area oi 
chronic tissue damage and inflammation which arc predisposing 
hepatoma and brought about by protein and fat dcficienacs in the diet dun p 
childhood. When these dietary deficiencies arc climinaie^hc incidence 
li'er cancer is expected to decrease. This has happened in the 7// " 

migrants of the United States, and led Steiner lo stale that ^ 

dispel the widely held beliefin a racial herediiarj- prcdisf^’^ion (Steiner. 
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exaggerated by the small size of the human family, the long life span of generations, 
and the late onset of the disease. A large and unbiased control group is almost 
impossible to establish in practice, which makes any comparison unreliable 
(Macklin, 1954). When these difficulties arc considered it is obvious that the study 
of cancer in families is of limited value and generalizations must be made with 
caution (Neel, 1955). 

A brief summary is given of some investigations on the hereditary aspect of 
various types of human cancer. A good critical review was made by Gorer (1953). 

Cancer of the breast 

This form of cancer is easily recognized and its presence in close relations is 
usually recorded in the family history of patients. In 1866 Broca made a family 
record in which 15 out of the 38 female members died from disease. 

TABLE XIV 


THE INCIDENCE OF CANCER IN NEAR RELATIVES OF PATIENTS WITH 
BREAST CANCER 

(After Jacobsen, 1946) 



Number 

Cancer of off sites 

I Breast cancer 


Patients 1 

Controls \ 

Patients 

Controls \ 

Patients 

Controls 




Percent 

Per cent 



Mothers 

200 1 

200 

55 -27-3 

19-9-5 1 

21 j 

2 

Fathers 

199 1 

199 

40-20 1 

19-9-5 1 

I 

0 

Sisters 

381 

433 

30- 7-9 

8-t 8 

13 

2 

Brothers 

377 1 

389 

16- 4-2 

4-1-0 

0 

1 1 

0 


The first genetical study was made by Jacobsen (1946), on the near relatives of 
200 cases of mammary carcinoma (Table XIV) . While cancer was present tn 77 per 
cent of these 200 families he found the disease only in 29 per cent of 200 control 
families. Jacobsen concluded that a hereditary predisposition is the chief factor 
in the development of breast cancer. Kemp (1948) stated that the pre-disposition 
is non-specific and the localization of the tumour is determined by other genetical 
factors and the environment may also play a part in the development. 

Other extensive analyses have been carried out by Penrose, Mackenzie and Karn 
(1948) on 510 patients and by Smithers and his colleagues (1952) on 704 patients. 
They found an increased incidence of breast cancer in sisters and mothers, and 
more cases in maternal grandmothers and aunts than in paternal grandmothers 
and aunts (Table XV). According to Penrose the evidence suggests the existence 
of a “specific genetical agent” which may be cytoplasmic. Several remarkable 
pedigrees showing the high incidence of breast cancer have been reported by 
Smithers (1948) (Fig. 70). While he found a significantly higher death rate from 
cancer of the breast in families of patients with the disease, there was no evidence 
that cancer tends to develop earlier in patients whose relations are known, to have 
suffered from the disease, as was concluded by Jacobsen. 
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Penile cancer 

Penile cancer is known to be very frequent in certain parts of China (15 per 
cent of all cancers) while it is almost totally absent in the Jews. Similar differences 
have been found between the Hindu and the Muslim populations of India; penile 
cancer is about 20 times more frequent in the former racial group. It was shown 
that circumcision in early life is the chief factor responsible for the lower incidence 
of penile cancer in Jews and Hindus. The difference is not genetical but cultural. 

Skin cancer 

Racial differences have been observed in skin cancer; for example negroids 
and other races with pigmented skin have significantly less cutaneous cancer than 
the white races. The difference has a genetic basis but the genetic control is indirect 
and exercised by genes which determine the degree of pigmentation in the skin. 
The albino negro suffers from skin cancer just as much as white persons (Shaplin, 
Keen and Murray, 1953). 

Cancer incidence in migrants and sedcntes 

One of the most valuable methods to reveal racial differences is the comparison 
of cancer incidence in migrants and sedenies. Steiner (1954) carried out an analysis 
of 35,293 autopsies at the Los Angeles County Hospital In California. His material 
was drawn from 5 racial groups and it demonstrated differences, perhaps genetically 
determined, in the organ distribution of cancer. He found extremely low incidences 
of prostatic cancer, mammary adenocarcinoma and cancer of the oesophagus in 
the Mexicans. However, he did not find any example of cancer occurring in one 
race only. Hjs studies showed that group differences in cancer incidence exist 
which are caused by raciabhereditary, geographical, social, economic, occupational 
and cultural factors. His Investigation demonstrates the value of analysis of cancer 
incidence in racial groups, which lies in the feet that cancer predisposing environ- 
mental conditions may be detected and preventive measures may be introduced. 


Cancer risk 

In the previous part a few examples showing high familial incidence of certain 
types of cancer and the conclusions drawn by various investigators have been 
presented. Though many of the studies are incomplete or imperfect, the high 
incidence of the disease in related members within groups cannot be attributed to 
chance only and the data suggest a parental influent in the causation of certain 
cancers. The analysis of family pedigrees, however, has failed to establish the 
method of transmission. The mode of inhcriiance expressed in Mendeltan terms 
is known only for a few and very rare malignant and related diseases, for example 
retinoblastoma, and neurofibromatosis, polyposis and exostoses. Before the exact 
mode of inheritance can be determined, it is necessary to know the carriers of the 
genes for cancer susceptibility- Cancer manifests itself in different ages, and in 
order to obtain such information an age correction must be made for relatives of 
the cancer patient, who have not yet reached the cancer age. The risk involved 
for a person to die of cancer must also be determined for each individual category 
of relative such as mother, father, sister. This analysis has been made by Danish 
workers for cancer of the breast and uterus. Table XXI shows the cancer hazard 
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Fio. 70 —Two family histories showing a high incidence of breast cancer in the 
female members (Smilheis. JW8J. 


Macklin (1952), by employing a more elaborate statistical analysis, found ihai 
^hcer of the breast is 2-7 times more frequent in the difTcrcni relationships of the 
orcast cancer relatives than it is in the same relationships in conirol populations. 
H was also more common in deceased relatives of the cancer patients than in the 
deceased relatives of the controls. The incidence of breast cancer among the 
paternal and maternal grandmother and aunts of the cancer patient was the same, 
"'hich seems to reduce the significance of environmental influences and the •'mill, 
agent.” Macklln (1954) difcos-crcd that in male rclati\-c$ of breast can«r patients, 
prosiatic cancer is more common than in the control population. This finding is 
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among relatives of patients with uterine cancer (Brocbeck, 1949). The calculations 
were based on various assumptions and fuither studies are needed to substantiate 
them. 


TABLE XXt 


ESTIMATE OF THE CANCER RISK AMONG RELATIVES OF PATIENTS WITH 
UTERINE CANCER (EXPRESSED AS A PERCENTAGF) 


{Broekeck, 1949) 


Malfrtol 

Kelolffs 

1 

I Coiitrr of 

Rthu.fx 1 

C Wfff o' 

lltr, }• 

Danish population 

— 

1 29 2 

— j 

39 - 

1 > o 

Cancer of the corpus 

Father 

Brother 

Maternal grandfathers 
Paternal grandfathers 
Maternal uncles 
Paternal uncles 

38 O'! 

1 34 6 

i 

' 38 2 

38 7j 

M<"lier 1 

SMer 

Maternal grandmothers 
Paierrul grjndino'hers I 
Maiemii aunts 1 

..rr-:::- i. 

4fc '■ 

37 3 ^ 

JS 7 , 

1 

9 6 

9 4’ 

12: 

1 A « : ' 

- SJ 


Most genetic variability in the human species is polygenic Evidence is 
mulating that predisposition to susceptibility for pathological conditions deoc'ids 
on several genetic factors, many of which may act as modifiers It is likely tlist is' 
some cases, and particularly in cancer, the environmental influences (for example 
exposure to various carcinogenic stimuli) play the important, perhaps dscsnc 
role, in the activation, while the genetic control affects only the development and 
manifestation of the disease. What must be determined is the relative {mpo'':an;e 
of environmental and hereditary influences in the causation of cancer, and hu.. 
far can the latter be modified by controllable environmental influence 
should be considered when an attempt is made to interpret the discordant occurrence 
of cancer in twins. As an example, the low incidence of breast cancer in mono- 
zygotic twins may be mentioned. The data of Habs (1939), and von Verschuer 
and Kober (1940) may be interpreted as evidence against the presence of a 
hereditary component in the aetiology of mammary carcinoma. On the other 
hand, a different conclusion may be drawn, namely that the high proportion of 
monozygotic twins, in which only one member was affected with cancer of the 
breast, is evidence that genetic factors can be successfully suppressed by environ- 
mental influences. Studies of the latter should yield valuable information con- 
cerning the problem of cancer prevention. 

The absence or rarity of penile cancer in the circumcised Jews and Hindus, on 
Jhe one hand, and in the Japanese, who do not follow the practice of circumcision. 

>s another example showing that environmental influences may be of primary 
importance in one racial group, whereas in another the genetical control is of 
greater importance. 

The significant differences in the frequency of certain cancers bcluccn the male 
and female sex are usually interpreted as evidence against a hereditary basts. 
Many examples of “sex-limited** characters arc known in classical genetics, and 
Ihe sex difference of cancer at a particular site (for example oesophagus, iung. 
stomach) is not sufllcient to deny the presence and importance of genetic factors. 

Statistical investigation of the occurrence of multiple primary carcinoriias 
represents another important method in the study of the hereditary aspect of 
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of great interest in view of the relationship of sex hormones to cancer of the breast 
and prostate. 

Though criticism may be raised against the pedigree analysis of some workers, 
the evidence indicates at least in certain families the presence of a significant genetic 
component in the causation of breast cancer. 

TABLE XV 

HEREDITY IN HUMAN BREAST CANCER 


Comparison of data co/iecied hv Penrose, Mackenzie, and Kam (1948) with that from the 
Royai Cancer Hospital (Smithers and his coHeasues, )952) 


Relaiiie 

Total number \ 

of deaths I 

Deaths from cancer other 
than of the breast 

Deaths from cancer of 
the breast 

Penrose 
ant! his 
' colleagues 

Royal 

Cancer 

Hospital 

Penrose 
and his 

1 colleagues 

Royal 
Cancer 
Hospital i 

Penrose 
and his 
colleagues 

Ro\al 

Cancer 

Hospital 

\ Obs 1 

Exp. 

Obs. 

Exp. 

Obs. 

Exp. j 

Ohs. 

Exp. 

Mother i 

1 406 

536* 

1 

49-23 

61 

61 2 

?5 

n-j2j 

79 

13-9 

Sister 1 

1 307 

460 

1 19 

25-23 

35 


2.1 1 

6-97 

16 

— 

Oaugher 

30 

_ 

1 0 

0 41 



0 

0 12 



Father i 

420 

396* 

41 

52-32 

SO 

_ 

u 

O-IO 

2 

— 

Brother i 

435 

639 

29 

28 14 

24 


t 

0 05 

1 0 i 


Son 

so 

— 

i 1 

0 81 

— 

— 

1 0 

0-00 


— 

Total 

1.668 1 

2.251 

\ 142 

156 14 

- 

- 

1 49 

18-36 


- 


* Oeaihn known In 13 eiiti ihe picienu 4id not know wheiher their mothers were alive or dead In >7 case* 
the paiienit did not know wheiner ifteir feihen were alive or dead. 


Carcinoma of ihe uterus and cervix 

The high incidence of uterine cancer in the “G” family of Warthin has been 
mentioned (Table XVI). Fifteen out of 23 cases of female cancers were localized 
in the uterus (Hauser and Weller, 1936). Waaler (1931) and Wassink (1935) 

TABLE XVI 

THE CANCER INCIDENCE IN 6 GENERATIONS OF WARTHIN’S “C’‘ FAMILY 
{After Hauser and iVeUer, 1936) 


Generation 

Humber under 
the age of 

25 years 

Humber owr 
Ihe age of 

25 years 

Humber hit/i 
cancer 


_ 

1 

1 



10 

6 


8 

54 

27 


30 

lot 

7 

4 

87 

5 

— 

5 

6 

_ 


Total . . 

131 

174 

41 123 ;j 
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Penile cancer 

Penile cancer is known to be very frequent in certain parts of China (15 per 
cent of all cancers) while it is almost totally absent in the Jews. Similar differences 
have been found between the Hindu and the Muslim populations of India; penile 
cancer is about 20 times more frequent in the former racial group. It was shown 
that circumcision in early life is the chief factor responsible for the lower incidence 
of penile cancer in Jews and Hindus. The difference is not genetical but cultural. 

Skin cancer 

Racial differences have been observed In skin cancer: for example negroids 
and other races with pigmented skin have significantly less cutaneous cancer than 
the white races. The difference has a genetic basis but the genetic control is indirect 
and exercised by genes which determine the degree of pigmentation in the skin. 
The albino negro suffers from skin cancer just as much as white persons (Shaplin, 
Keen and Murray, 1953). 

Cancer incidence in migrants and sedentes 

One of the most valuable methods to reveal racial differences is the comparison 
ofcancer incidence in migrants and sedentes. Steiner (1954) carried out an analysis 
of 35,293 autopsies at the Los Angeles County Hospital in California. His material 
was drawn from 5 racial groups and it demonstrated differences, perhaps genetically 
determined, In the organ distribution of cancer. He found extremely low incidences 
of prostatic cancer, mammary adenocarcinoma and cancer of the oesophagus in 
the Mexicans. However, he did not find any example of cancer occurring in one 
race only. His studies showed that group differences in cancer incidence exist 
which are caused by racial-herediiaiy, geographical, social, economic, occupational 
and cultural factors. His investigation demonstrates the value of analysis of cancer 
incidence in racial groups, which lies in ihe feet that cancer predisposing environ* 
mental conditions may be detected and preventive measures may be introduced. 

Cancer risk 

In the previous part a few examples showing high familial incidence of certain 
types of cancer and the conclusions drawn by various investigators have been 
presented. Though many of the studies arc incomplete or imperfect, the high 
incidence of the disease in related members within groups cannot be attributed to 
chance only and the data suggest a parental influence in the causation of certSin 
cancers. The analysis of family pedigrees, however, has failed to establish the 
method of transmission. The mode of inheritance expressed in MendeJian terms 
is known only for a few and very rare malignant and related diseases, for example 
retinoblastoma, and neurofibromatosis, polyposis and exostoses. Before the exact 
mode of inheritance can be determined, it is necessary to know the carriers of the 
genes for cancer susceptibility. Cancer manifests itself in different ages, and in 
order to obtain such information an age correction must be made for relatives eff 
the cancer patient, who have not yet reached the cancer age. The risk mvolved 
for a person to die of cancer must also be determined for each individual category 
of relative such as mother, father, sister. This analysis has been made by Danish 
workers for cancer of the breast and uterus. Table XXI shows the cancer hazard 
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TABLE XVII 

DISTRIBUTION OF CANCER INCIDENCE IN FAMILIES OF PATIENT - •' I f 
CANCER OF THE UTERUS AND OF CONTROL PERSON s 

{Broebeckt 1949) 



Patients 

1 

Cortrolf 

Cancer-free families 

20 

30 

Families with 1 case of cancer 

22 

30 

Families with 2 cases of cancer 

23 

20 

Families with 3 cases of cancer 

12 

4 

Families with 4 cases of cancer 

8 

5 

Families with 5 cases of cancer 

3 

0 

Families with 6 cases of cancer 

2 


Total number of cancer cases . . 

163 (18)* 

105(121 


* Numb«n in parcnin«set indtcaie number of pai>«nct wiih canctr c( ihe uterus 


reporled that cancer of the uterus was more frequent in relatives of patients than 
in the general population, Broebeck (1949) analysed 90 family histories uith 
endometrial cancer and found that the incidence of cancer at all sites is 50 per cent 
higher in relatives of patients with carcinoma of the uierus than in controls (Tab e 
XVII). As male and female relatives of patients showed a significant increase n 
the incidence of cancer of all sites, Broebeck concluded that cancer of the uieru: 
is dependent for its development on a general “cancer gene” common to cancers 
of all sites, and also on a genetic factor or factors, which localize the growth in 
the uterus. He found no increased familial trend for cancer of the cervix in 200 
probands. Murphy (1952) in a survey of 201 probands with cancer of the uterus, 
collected from 33 different hospitals, also observed a higher frequency of uterine 
cancer in the relatives. The quantitative effect of genetic factors is, however, 
small, indicating the interaction of several genes. 


Leukaemia 

The familial incidence of leukaemia was studied by Videback (1947); Busk, 
Clemmesen and Nielsen (1948); Anderson (1951); and Ward, Cal/nsky and 
Newton (1952). They found several families in which more than 2 members were 
affected. Neel (1953) considered that in view of the relatively high incidence of 
leukaemia in the general population (3 per 1,000 total deaths) the occurrence of 
3 Or 4 cases within a family group can be due to chance alone. When, however, 
the frequency of leukaemia is compared in relatives of patients with the disease 
and in controls, Videback’s studies suggest a genetic basis. He found among the 
4.041 relatives of 209 leukaemic patients, 319 persons with the disease while 
among the 3,641 relatives of control families there were 218 cases. The difference 
is statistically significant forjhe fathers and sisters of patients (Busk. Clemmesen 
and Nielsen, 1948). According to Vidcbick thedevciopment of leukaemia depends 
on a “common non-specific disposition to cancer which is present mao 
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for the susceptibility to cancer. 
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per cent of the population, and its localization to the haemopoielic system is 
determined by one or more genes. 

The evidence seems to indicate that leukaemia is not randomly distributed in 
human populations but shows a tendency to appear in relatives. Videback found 
a higher incidence of pernicious anaemia among the relatives of leukaemic patients 
than in controls and a similar observation was made by Lentz (1947). It is not 
improbable that these diseases affecting the haemopoietic system may have a 
common predisposition. 


Gastric cancer 

Familial studies of gastric cancer show a higher incidence of cancer among the 
relatives of patients with the disease than among the controls. (Wassink, 1935; 
Denk, 1939; Gardner and Shaffer, 1953; Gardner and Richards. 1953; Macklin, 
1953). There are individual family histories in which there is a tendency towards 
localization of cancer of the gastro-intestinal tract in members of a single family. 
The high incidence of the same cancer observed in some families suggests a 
genetically determined predisposition (Gardner and Stephens, 1950; Gardner and 
Woolf. 1952). 

The frequency of gastric carcinoma was determined in the families of 106 patients 
by Hagy (1954); 66 out of the 1,094 relatives of patients with gastric cancer also 
had cancer at some site ; while in the control scries 46 out of 824 had cancer. The 
frequencies are thus the same (6*0 per cent and 5*6 per cent respectively) if the 
total cancer incidence is considered. However, the difference between patients 
and controls becomes significant when the frequency of gastric cancer alone is 
compared in the two groups; among the relatives of gastric cancer patients, 1 *2 per 
cent (or 1*6) had gastric cancer, while among relatives of control families the 
incidence was only 0*5 per cent for the same site. Yet the data of Hagy are not 
sufficient to conclude that there is a genetic component in the development of 
gastric carcinoma. State, Varco and Wangensteen (1947) observed a higher, but 
statistically insignificant, incidence of gastric cancer among relatives of 200 patients 
than m the relatives of control groups. Stephens (1954) reported on 200 families 
with gastric cancer and found no increased incidence of general cancer death in 
the families of patients as compared with the general population. On the other 
hand, the number of deaths due to stomach cancer was significantly higher in his 
families, and Stephens concluded that an organ specific predisposition is present in 
the families under observation. 

It is noted that pernicious anaemia, a disease which also exhibits definite familial 
tendencies, frequently occurs together with gastric carcinoma. Washburn and 
Rozendale (1938) reported 24 gastnc lesions and 16 gastric carcinomas in their 
906 patients with pernicious anaemia. 

Another relationship has been delected between certain blood groups and 
various carcinomas, including those of the stomach. It is claimed by Aird, Bentall 
and Fraser-Roberts (1953) on statistical evidence that A blood group is significantly 
commoner in patients suffering from cancer of the stomach than in the controls in 
the same hospital. Further investigation suggests Ihal peptic ulcer, a disease 
believed to have some relationship with gastric cancer, is more frequent in indi- 
viduals who belong to Group O (Aird and Ws colleagues, 1954). 
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organized by geneiicists, statisticians and clinicians undertaken simultaneously in 
several countries. There is no doubt that these will bring together rehable data to 
give a clearer understanding of the role of heredity in human cancer and may lead 
to a more logical approach towards early diagnosis and prevention. 

Genetically determined traits, whether good or bad, are man’s heritage. In 
spite of a fatalistic attitude, however, the present difficulties should be a spur to 
consider the inexorable but not always uncontrollable effects of the genetic consti- 
tution and to try to alter the fate allotted to man by heredity. The study of, the 
genetical aspect of cancer is an urgent task, not only for genetics but also for 
medicine. 
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Hereditary basis of other cancers 
Retinoblastoma 

Studies of family history indicate that the disease is determined by one dominant 
gene (Weller, 1941). Since it is always fatal, its sporadic appearance is attributed 
to new mutation, the rate of which has been calculated to be 1-4 x 10-^ (Philip 
and Sorsby, unpublished work) and 2*3 x 10-® by Neel and Falls (1951). The 
incidence of the disease in the population is 5 in 100,000. The isolated appearance 
of retinoblastoma in the second generation of a pedigree is shown in Fie 7l 
Instances are also known in which (he occurrence of retmoblasioma misses a 
generation. The penetrance of the disease is almost absolute 




4 □ Reiinoblasloma 

Fio 71,— Pedigree showing the appearance of retmoWastoma in the second generation, 
presumably due to mutation (After Griffith andhorsby, J944 ) 

Neurofibromatosis {von Recklinghausen's disease) 

Individuals affected are often of subnormal mentality. The disease is due to 
a dominant gene, which shows a high degree of penetrance and a variable degree 
of expression (Jones and Hart, 1939). 

Multiple exostoses of bone 

Another inherited condition is multiple exostoses of bone (diaphyseal aclasis). 
The exostoses are usually present as multiple, more or less symmetrical cartilaginous 
or osteo-canilaginous growths in the skeleton. The condition is benign in nature 
and transmitted in heredity by a dominant gene (Fig. 72) There is a high degree 
of variability in the expression of the disease within the same family, but pedigree 



■ Multlpt* oojtom 

Etc.. 72.— Pedigree sho* mg the transmission of mu»lipl^wtDs« of bone m 4 generauons. 
(AJter Putter amt Bode, ivw ) 
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analyses indicate a trend towards the multiple character of the exostoses (Slock 
and Barrington, 1925). 

Choroidal sarcoma 

The ramilial incidence of choroidal sarcoma has been reported by t>zvtnport 
(1927), who followed the disease in three generations and found that 6 members, 
including a pair of twins, were afflicted out of 14. 

Cutaneous melanoma 

A family pedigree showing inheritance of cutaneous melanoma has been 
published recently by Cawley (1952). 

Cancer in tu'ins 

The study of twins is the best method of ascertaining the respective role of 
heredity and environment in the causation of cancer. Thus, if identical or mono- 
zygotre (wins shows a higher concordance than fraternal or dizygotic twins, a 
genetica? basis may be postulated for the disease. Several family pedigrees in which 
twins are affected with cancer are known and have been studied by various in- 
vestigators. A case was reported by Milhzer (1935) where both male members of 
monozygotic twins had identical symptoms and almost simultaneously developed 
gastric carcinomas which were symmetrically located in the stomach and also had 
the same histological characteristics. Kfotz (1940) published the incidence of 
carcinoma of the cervix in 17 pairs of twins, 9 of which were identical. He found 
that in one pair the carcinoma was present in both partners (concordance), while 
the other S showed discordance, that Is only one member was affected. In four 
pairs of identical twins leukaemia has been found in both members (Gorer, 1938). 
in view of the greater frequency of dizygotic than monozygotic twins in the general 
population, the concordance shown by the “one-egg” twins can be interpreted as 
indicating a hereditary basis of leukaemia (Neel. 1953). 

Busk, Clcmmesen and Nielsen (1948) studied the distribution of various cancers 
in 1 83 twins, 50 of which were monozygotic, and only 7 showed concordance which 
IS not a significant increase when compared with ihc distribution of cancer in 
dizygotic pairs (Table XVflf). When, however, the sites of cancer are compared in 
the two sets, Busk and his colleagues found a more pronounced tendency to cancer- 
formation in the same site among monozygotic than among the dizygotic twins. 
This observation is similar to (haf of Macklin (1940) (Table XfX). 


TABLE XVIII 
CANCER IN TWINS 
{Busk, Ckmmesen and Nielsen, 1948) 



Canconiant 

Conconhftt 


Total 

T\pe of fwirt 

I ahscfteJ 

expectal 1 

Discordant 1 

Monozygottc 

DuygoMc 

7 

i ^ 

5 1 

9 2 

43 

; 126 

' 50 

133 
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HYPOPHYSECTOMY AND 
ADRENALECTOMY IN THE 
TREATMENT OF 
CANCER OF THE BREAST 

Bv ALAN H. HUNT. D M., M.Cii., F.R.CS. 

Surgeon, St. Bari/to/omets’s Hospital, and The Royal Marsdett Hospital 

The discovery that tumours of the prostate and breast were often hormone- 
dependent ^Yas and still is exciting. It holds out great pronuse for future 
developments in the treatment of patients sufferiiig from metastasizing 
carcinoma of the breast Surgeons, general praclitjoners and radiotherapists 
probably expected too much of ‘endocrine treatment' when it was first 
introduced and most wUl confess to considerable disappointment in the 
results that have been obtained so far. Temporary palliation is the best that 
has been achieved. Miracles of recovery occur from time to time, but these 
phenomenal successes must not be confused with the general run of results 
that may be attained. An optimistic outlook, however, prevails in the 
scientific departments of our cancer centres and further developments may 
be expected. 


THE PROS and cons 

Endocrine treatment does not claim to do more than alter ‘the internal 
carcinogenic environment' of the body (Cramer and Horning, 1939). If 
tumour cells are dependent on cesirogens, androgens can sometimes 
neutralize the stimulus and create circumstances temporarily unfavourable 
to the continued growth of the tumour. 'The simple administration of methyl 
testosterone by mouth (35 to 50 mg. or more a day), or testosterone pro- 
pionate by injection (loo mg. intramuscularly at least twice a week), is thus 
the first step in hormone treatment (Gallon, 1950). If successful, it postpones 
the more drastic surgical methods and indicates that surgery' will in its turn 
be likely to result in further benefit. The administration of androgens is not 
only a therapeutic measure but is a clinical test, the only one which is a 
pointer as to how the patient will react. On the other hand, failure with 
testosterone does not indicate that surgery should not be considered. 

When the tumour ceases to respond to androgens, or if it fails to regress 
under tins treatment, one of ttvo operattons may be done. The first is the 
removal of the source of cestrogens, namely the ovaries and the adrenals. 
The second is the removal of the stimulus to the production of ccstrogcns by 
the destruction of the pituitary gland which produces the gonadotrophic 
and adrenocorticoirophic hormones. 

Androgen treatment and endocrine surgery arc usually indicated in 



HYPOPHYSECTOMY AND ADRENALECTOMY 


patients who arc not oW or who are young for their age. The upper limit of 
age for this therapy is about 6o, but this is not necessarily so, especially for 
patients with severe bone pain. For the senile, or those who appear old for 
their years, the reverse of androgen therapy, namely the administration of 
ojstrogens, may be worth a trial, but never following hypophysectomy or 
adrenalectomy. 

The following case report gives an example of the sequence of events and 
the reasons which influence the choice of treatment. 

In October ! 0 S 4 . a woman of 40 became completely paralysed from the level of 
ilic njpplea do'vnwards, due to collapse of the 4lh dorsal vertebra from metastascs 
from a carcinoma of the breast. Many courses of x-my treatment had been given 
and both ovaries bad been removed, with Utile effect on the progress of the 

that by herself she took her lv\t> children on a caravan holiday. In October of that 
j-ear, howet-er, pain in the back returned and the legs suddenly weakened. Without 
delay both adrenals were removed at one operation. The patient again recovered. 
In May 1057, she suffered a pathological fracture of the shaft of her right femur 
while turning over in bed. 'riiis has been fixed with a Kuntscher nail and she can 
walk again. 

Bony mctastascs, however, are growing again and h>'poph>*sectomy has been 
considered and offered; but the patient's morale is broken and it seems almost 
cruel to try to restore her yet again to an active life so that her hopes may be dashed 
for a third time. Hjpophyscctomy has therefore been considered unwise in this 

• , ■ • s • 

would be mistaken. 

This case history illustrates in practice the applications of the theories 
which have been discussed by Professor George Lumb (p. 241). Should it 
be the adrenals and ovaries or the pituitary that is removed? What should be 
the sequence of events? How late should such drastic surgery be deferred, or 
should it be done early in the terminal phase of the disease? These and other 
questions must be carefully weighed. 

BILATERAL ObPHORECTOMV AND ADRENALECTOMY 
This operation, successfully introduced by Huggins, is usually done in two 
stages. The first consists of the removal of the ovaries through a midline 
subumbilical incision, and the left adrenal through an incision in the left 
flank; the second, done seven to fourteen days later, involves the removal 
of the right adrenal through a similar incision in the right flank. The 
adrenalectomy incisions are placed along the lines of the i2ih ribs and 
extended a short distance for%vards, the patient being fixed on the operating 
table on her side with the table broken to open out the wound. This approach 
gives the best exposure and makes for an easy and complete operation. Since 
the purpose of adrenalectomy is to remost all the adrenal tissue, including 
outlying rests, it is necessary to dissect the peri-adrenal fat away from the 
surrounding structures. For example, on the right side it is advisable to 
wipe this fat and the upper perinephric fat off Uie inferior vena cava and the 


{H6) 



REFERENCES 


397 


Gorer, A. (1938). “The Genetic Interpretation of Studies on Cancer m Twins.” An/t. 
Bigen^ Lone/., 8, 219. 

(1948). “Significance of Studies with Transplanted Tumours " Br//. J. Cancer, 

2, 103. 

(1953). “Cancer" In Climeat Ge«efics. p 558, London, Bultcrworth. 

Graffi, A. (1940). “Intercellurare Benzpyrenspeicherung tn ichenden Normal- und 
Tumorzellen. 2. Krebsforsch., 50. 196 

(1953). “Untersuchungen fiber dcr Mechanism der Carcinogcnesc und dei Wir- 

kungsweise carcinogener Rcize." Abh. Dsch. .Uad tyhs . B.rl , 1. I 
Grifiuh, A. D., and Sorsby. A. (1944). **GencUcs of Retinoblastoma ” Bnt J. 
Opbfhal., 28,279. 

Gross, L, (1954). “Transmissible Mouse Leukaemia. Biologicjl rroperlics of the 
Mouse Leukaemia Agent.” Lcukacntia Research. Ciba Symposium. (Ed, b\ 
E. W. Wohtenholmc and M. P. Cameron ) London; Churchill 
Grfincberg, H. (1952). The Genetics of the Mouse. The Hague, Martinus Nyhoff. 
Habs, H. (1939). "Krebs und Veretbung.” Z f.khn .t/erf . 135. 676 
Haddow, A. (1944). “Transformation of Cells and Viruses” Saline. 154. 194 
199. 


Hagy, G. W.(1954). “A Familial Study of Caslnc Carcinoma ’’ Amcr J. hum Cemf . 
6, 434. 

Haldane, J. B. S. (1936). “A Search for Partial Sex-lmkage in Man." Ann. Eiifun . 
Lo«rf..7. 28. 

Hamly, M. H.(I955). “The Tu-c-genc Action and Tumor Development." Trans 
York Acad. Sci., 17. 309. 

Hansenjann, D. von. (18M), "Cbcr asymmetrischc Zcllteilung m Epithelkrcbsen und 
deren biologische Bedeutung.” y/rchon's Arch , 1 19. 299. 

(1891), “Ober Kcrnleilungsfigurcn m bosariigcn CcschwiDstcn.” Biol ZhI 24 

189. 

- — (1892), “Ober die Anaplasia der GeschNvulstrellcn und die asymmctrischc Mitosc “ 
Virchow's Arch., 129, 436. 

(1906). “Gbcr die Funktion der Oeschwhlstrellcn.” 2. Krebsforsch., 4. 565. 
Hauschka, T. S. (1952). “Some Influences on the Transplantation and Growth of 
Tumors.” (Discussion.) Proceedings 2nd National Cancer Conference. 2. 1044 
New York; American Cancer Society. 

(1953). “Cell Population Studies on Mouse Ascites Tumors.” Trans, N. K Acad. 

Scl., S.IL, 16, 64, 

and Levan, A. (1951). “Characteruation of Fhe Ascites Tumors with Respect to 

Chromosome Ploidy.” Anar. Rec., 3. 467. 

(1953). “Inverse Relationship between Chromosome Ploidy and Host-Specificity 

of Sixteen Transplantable Tumors.” Cxper. Cell. Res., 4, 457. 

Hauser, 1. J., and Weller, C. V. (1936). "Further Report on the Cancer Family of 
Warthin.” Amcr. J. Cancer,27, 4^4. 

Heiberg. K, A., and Kemp, T. fl929). “Ober die Zahl dcr Chromosomcn in Carcinom- 
zcllcn bcim Mcnschen.” Vircho^-’s Arch., 158. 693. 

I'Heriiicr. P. (1951), “The CO, Sensitivity Problem in Drosophila.” Cold Spr. /farb. 
S\mp. guanl. BhI.. 16. 99. 

Heston. W. E. (1940). ■ “Lung Tumors and Heredity. 1. The SuveptiWiiy of Four 
Inbred Strains of Mice .snd Ihcir Hybrids to Pulmonaty Tumors ptoduced by Sub. 


cutaneous Injection.” J. not. Cancer tnit.. I, 105. 

■ (1941). “ReKitionship between SosceptiMHy to Induced Oulmonary Tumors and 

Certain Known Gene in Mice." 166/., 2, 127. 

{J942a). “Genetic Analysis of SuscepliNloy m Induced Pulmonary Tumon m 

Mice.” /AW.. 3. 69. 



K. M. F Roh 


transition which occurs also in the ^0^0 ?roiip, ic the ri-yrr transitiun ol a 

non-bonding or lone-pair electron, as on the X or O atom exutei to r.n nutillcd 
w-electron energy level (see Platt [5]) h'or pjTidine the transition is evident onlv 
as a shoulder on the red slope of the rr-^r f.\rtein so tb.vt the e ,,,, <.,iven In Tabl»‘ I 
is the more intense one for this 77-^7: sjsfo ii In the j.vnnu.i’-'f .pe 'tnviu the n-— r 

transition is found as a separate band euil ‘Vc luace that /i- w' T --^0, ii is 


weakly allowed. As long ago as 1935 Mu^IiK.F:^ ^ 20 } drew atteo lo" t.* this type of 
transition in formaldehyde and a useful sunuoarv of tin *.- pro; -tn-. has been 
given recently by Kasha [21]. This article [1*1] al«o mrj i-h* ,i h-o • ji»eti‘--«ion ol 
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tlic properties of the lowest triplet states of molecules, i.c. ll.o-.e e-teilctl .stntc-. in 
" hich electron pair uncoupling occurs, transitions to these states licing le-s probable 
and therefore weaker than tlm us.ial singlet-singlet transitions ilcacnbol ,ahove 
These triplet states will not be discussed in detail here, but it sl.onid ho remcmbcroc 
that tl,e lowest triplet state may be of considerable importance .n photocl.enneal 
or other energy transfer processes, ,,artie..larly because of .Is long I, et.me, I.o« - 
temperature phosphoresecncc is the simplc,,t way onietect.ng the owe. n c 
etale in most molecules, since under these c«nd.t.o..s the v,,.eo..ty of tl.e np'l g' 
solvents used reduces the radiationless colli..o.,al anti 
nuenching) wliicli occur normally m fluid systems. ; n in ^ 

discussion of tl.e possible importance of n-ra e>ngtct . ■ 

eoergy transfer processes in orpo-ihlc energy change. 

r,g. I summanzes ... .l.agrammat.e for ,„„|ce..le aflor the iuilial 

ho h radiative ami radiationless, wl.|cl^^ ^ ,,,,rt.>..lar e.sample, napl.tl.alene 

-.gW states, i,.., states eontaiaiag 
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Some effects of environment on electronic spectra 

paired electrons of opposite spin, and T, T' are triplet states, containing electrons 
of parallel spin, the electron-pair uncoupling process occurring in inter-system 
crossing (process 3) between singlet and triplet states. Transitions shown on the 
left hand side of the figure, i.e. between ainglet states only, will be considered further 
in this paper, although it should be remembered that the triplet states of molecules 
have been the subject of considerable experimental investigation in recent years, 
since Lewis and his associates redirected attention to this important topic [23, 2f]. 

Some effects of intramolecular environment on absorption 

A few common intramolecular changes which affect absorption spectra in the 



Fig S. Absorption spectrum of trans-stilbene m n'hexane, in ethonol (0o%) and in benzene. 

u.v. and visible region may be illustrated simply by reference to the molecule 
frans-stilbene. 

Stilbene’s ‘finger-print bands’ (Fig. 2 and reference [I7J). are simple in outline 
although vibrational structure appears in the long-wavelength band even at room 
temperatures. This band varies somewhat in position and extinction with solvent, 
as is expected, and will be discussed further below. In Fig. 3 (EtOH solution) the 
usual effects of a fairly strong auxochromic substituent, the — group, are 
evident in the shift of absorption to the red, the changes in the band-envelope and 
the reduction of fine structure when this group is substituted at the 4-position in 
stilbene, in direct conjugation with the length of the molecule. CounsoN and 
Jacobs [25] have calculated the change in 7r-eIectron charge distribution for ground 
and excited states in this molecule, 4.aminostjlbene. Their results are shown 
diagrammatically in Fig. 3, where in the formulae, the radii of the black circles are 
drawn proportional to the calculated excess 7r-electron charge (above l-O) on each 
carbon atom. It is seen that the tendency of the — NHg group to donate electronic 
charge to the conj'ugated hydrocarbon system is facilitated in the ‘loosened-up 
condition of the excited state. More charge reaches the 4'-position than in the 
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ground state and the charge-distribution about the ctli^denic double bond ohangcs 
most of all. If, as in aqueous acid solution, the extra charge on tlic ammo-group is 
satisfied by means of a proton, the spectrum reverts to that of stilbene (Fig. ^1): 
and the spectroscopic method has been n.scd [26. 27] to determine tlio dissociation 
constants of a number of basic stilbene derivatives In these compounds it 
of particular interest to know whether dissociation could be related in any way to 
biological properties, for some of the bases possess carcinogenic and tumour- 
inhibitory activities [18]. Changes of dissociation constant on .‘substitution v ere 



Fig. 3. .Absorption spectrum of 4.ninino9lilbene m ethanol (9.»%) and in luj’jio’j* m m 

found to be small, as was expected. Changes in molecular planaijt\ on substil '.tm 
proved of greater interest, however, for it was found (18] that m.i iu 1'»' oi 
the series which were shown spectroscopically to be seriou.sly bucklcil \'crr iu<i 
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frequency of the transition is approximately independent of the sliape of the mole- 
rule. Thus, one could imagine that ns a result of buckling such a conjugated 
system the molecule in the ground state n-ould approximate less frequently to the 
planar configuration udiicli is demanded for ease of excitation to the higher-cnergv 
states. This would result in a lower transition probability and lower intensity. 
In order to test this prediction, /-values were compared by measuring the area 
under this long-wavelength band, on a frequency scale, after separating it graphic- 
ally from its neighbour ns consistently as possible. Examples arc shown in Fig. 5 



of the spectroscopic resultsof buckling, which is obvious jn the 2': 4': 6'-trimethyI- 
derivative from the wavelength shift alone, but less obvious in the S’-methyl 
compound, where no wavelength shift occurs. An example of t)je band-separation 


Table 2. Effi'ct of Methyl Substitution on /-Value of Long-wavelength 
DancI in StilbVne nml Demotives 


Group 1 

1 A/.... 

(i) Xon-hindermg .Methyl (4- or 4'-) 

-f0 050 

(ii) Non-hmdenng Methyl (3- or 3'-) 1 

+0 005 

(iij) Single hindering Methyl 

-0 040 

(iv) Second hindering Methyl (some ring os (hi)} 

-0-100 

(v) Second hindering Methyl (diflerenl ring from (iii)) I 

-0 076 

(VI) Fourth hindering Methyl I 

-0 140 



carried out is shown in Fig. 0 (a), where the low-frequency band has been cut off 
from two higher-frequency bands in 4 -dimetliylaminostilbene (40MAS). When 
methyl derivatives of stilbenc and of 4DMAS are considered, a range of /-values is 
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found for this band (19), varying from 0-47o for the serioiislv buckled hevamethvi 
stilbene to about 0 926 for the planar 3'; 4'-dinielhvl-tDMAS. The results can be 
summarized in Table 2 m terms of the difference (i/) between /-values for .i jnh of 
compounds, one with and the other without a methyl group at a particular position 
■g. at a non-hmdering position such as 4'- or 3'- or at the hindering 2'-position 
Ihis ^/-value is very constant when referred to the same group (siieli as tlie iiiethyi 
group at the 4-position in the pairs. 4-mcthylstilbenc— .stilbene (Af == v-O (U-;i- 
and 4 -methyl-4DMAS-4DMAS (Af = -f 0 0,60). etc,). While there occurs a sunll 



positive A/ for methyl-substitution at the 4- or 4'-posltion and a negligible rlmnge 
the 3- or 3'-position. a hindering methyl group produces n small reduetitui iti 
intensity, as predicted by jVIullikex, i.e. a negative A/, the magnitude of the 
reduction depending on the position of the hindering 8ub<?titucnt; c.g. 2-, 0-. 2'- 
niid 0 -positions can be considered. It seems, therefore, that such investigations of 
r'hanges in /-values for the loiig-wavcicngth bond in these compounds is of u.^-c to 
^stimatc stcrie hindrance. It may also reveal other cfTects of substitution. Thus it 
13 found [10] that the/-changcs quoted above arc additive and itidejiondcnt for the 
different positions of substitution, suggesting that the enerfs of the methyl .suh- 
stituent in this molecule are localised and that thc.se groujH are perturbing the 
molecule to a very small e.xtent. Pf.ATT[3IJ has shown theoretically that this is to 
exjiectcd and that the A/-vnlucs arc of the calculated onler of mngnilude. 

, Small changes in the shape of an apparently simple bnml-envrlojH* \uth rliaii;’- 
mg substituents ninv be used sometimes to delcrt hidden tnnsiiifnis. Such 
fomploxity has been revealed in the stilbene spectnmi liy rompiring the ctTrcf < of 
‘ncrcasingly perturbing substitucnl.s at any one j>osition in the molcmle [.12J 
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.Some eflecta of environment on elecfronie spectra 

Somewhat similar effects can be observed in the spectrum of diphenyl (Wekzel 
[33]). 

Fig. 6 (c, b, and a) shows the changes in the near u.v. spectrum as substituents 
causing increasing perturbation (McO, NHg, NMOj) are placed at the 4..position in 
stilbene. Increase in band-area, i.c. in intensity, and shift to lower frequencies 
occur from MeO to NJIea for the low frequency band, and the rise in the minimum 
between bands A and B may indicate, it is thought, an increased intensity for a 
postulated band in this region. Fig. C (f, c, d) shows the effect of similar substituents 
at the 3-position. Here the low-frequency band (A) changes less in intensity and 
apparently not at all in frequency, so that it is in the same position as in stilbene; 
but on either side of it appears a new band, most clearly seen in 3-dimcthylamino- 
- stilbene (Fig. 6d). The effects in S-substituted derivatives are similar, but more 
complex [32]. These changes might be expected if it is assumed with Platt [5] that 
this band in stilbene corresponds to a transition polarized longitudinally, i.e. along 
the long axis of the molecule, so that on applying a perturbation longitudinally, at 
the 4-position, the symmetry' is maintained about this axis. Perturbation at the 

3- position, however, would destroy the geometrical symmetry of the molecule and 
the w-electron orbitals and nodes would be distorted. In resonance terminology, a 
perturbing 4-8ubstituent can conjugate with the molecule as a whole, but a similar 
S-substituont conjugates only with one phenyl group so that a ne^v structure such as 

may be expected to make an important contribution to the resonance hybrid. 
Such 3-substjtution should be evident through its effect on any transversely 
polarized transitions which occur; and it is suggested [32] that such transitions are 
hidden in the band-envelope on either side of the main longitudinal stijbene 
transition (/t), and are enhanced (by stealing intensity from band A) by 3-sub* 
stituted auxochromes giving, o.g. bands a and b as shown in Fig. 6(d). (Platt [6] 
had already suggested the presence of one transition hidden in the low-frequency 
slope of this stilbene band.) Measurements with polarized u.v. radiation would test 
this analysis. However, recent work by Lonouet-Hiooins and Murrell [34, S.*)] 
provides a possible alternative explanation for these transitions. These authors 
have shown theoretically that new transitions may arise when a mesomeric sub- 
stituent interacts with a hydrocarbon. These are due to the electron transfer 
states which result when an electron is transferred from the substituent to the 
hydrocarbon, as in the case of an electron donor such as the NHg group. The 
2350 A band in the aniline spectrum is attributed to excitation to such an electron 
transfer state. The choice between these alternative explanations for the stilbene 
bands cannot be made yet, but the experimental observations have been applied to 
check the identity of stilbene derivatives having auxochromes at both 3- and 

4- positions. The spectrum of one of these, synthesized [or its biological interest 
(Eeroel [36]), is shown in Fig. 7, and in dilute alkaline solution (or in ethanol, for 
the compound, 3-methoxy-4-amino8tilbene, was used as the readily dissociable 
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hydrochloride) it shows the intensification in the 3000 A region dne to substitution 
of an auxochrome at the 3-poaition. Addition of a drop of strong acid to the 
solution produces a spectrum of the S-methoxystilbene type (cf. Figs. 0 and T). 



Pig. 7. Absorption spectrum of 4.&mino.3'methox>'Bti]beDO hjdrochloruJf in tiod ivnci n ad. di 

Some inter- and estra-molecular environmental effects 

From this vast and interesting field two toplaswill be chosen: first exftm)i!e*< o'’ 
the differentiation of iT-*n and n-^ir transitions; and second, some ctTeet^- .il 
solvents, of viscosity and of temperature on iT-»-ir transitions. 

Reference was made earlier to the low-frequency n-»-7T structure in thet>pf'i ti wh' 
of p3Tidine. This shoulder disappears, owing to its blue-shift, on changinu fr-m, 
hydrocarbon to hydroxylic solvents {Fig. 8 (a), from Halvkrsox and Hirt I37ji 
while the rr-^-rr maximum around 38,000 cm*‘ remains stationary under tlies-' 
conditions. In Fig. 8 (b) is shown for comparison the pjTazine spcctruiUv but in 
this case ir-vn- and n-»?r systems (situated around 38,000 om“^ and 32,. '500 cm-* 
respectively) are well separated and the n-vw shift on changing solvents is clearer. 
This solvent effect on ti-vtt systems has been attributed by Kasha [21] to hydrogen- 
bonding of the solvent with the n-electrons of the solute molecule. Salt-formation 
has a similar effect on n-^n bands, for it tics down these non-binding electrons, 
''hile under the same conditions the transitions sliift to the red, due to the 
usual hyperconjugation and charge asymmetry effects [24, 37, 38]. Thc.se rules 
may prove useful in discovering wdictlicr a hctcrontom in a ring-system Ims been 
affected, e.g. during salt formation. 

Platt [5] and Kasha [24] have pointed out further properties of thc.se transit ions, 
i.e. that they are weaker than transitions about 10-1000 instead of the 
200-100,000 for transitions), and they are easily coverwl by their nearr.si 

■rr-^TT neighbouring band on molecularsiibstilution. Tlmy cannot always bedetcrte<l 
therefore. The spectra of the azahydrocarbon. 4: 0: lO-trinza-l: 2; O-dihenran- 
thracene [30], shown in Fig. 9, illustrate the last point. The n-*-7r tr.nnsitions are 
hidden beneath the long-wavelength system, which may he comparts! with 
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Some effects of environmeat on electronic spectra 

E. M. F. Roe 


■ ■ ! ' • ■ — ge§ which 

me effects 

. the sub- 

stitution of perturbing groups. From the field of inter- and extra-molecular environmental 
cffeetB, two topics are chosen for discussion, i.e. the use of these effects to differentiate and 
n~*ir transitions, and some results of solt'ent. viscosity and temperature changes on 
transitions. Some present trends m the investigation of electronic spectra are illustrated by 
means of the examples selected- 

A CONSIDERATION of changes in electronic spectra with changes in environment — 
intramolecular, extramolecular or intermolecular — could cover a vast field of 
interesting effects of extreme importance to many analytical spectroscopists. 
However, since it is necessary to select material for this paper, a few examples 
only will be discussed, selected, apart from personal interest, in order to illustrate 
some present trends in the investigation of electronic spectra. 

FundameDtal processes in tiie absorption and emission o! 
electronic energy 

It is useful, first, to summarize the fundamental processes occurring in the 
absorption and emission of electronic energy, and in doing so we shall probably 
find that we use a mixed language, describing the spectra, sometimes in terms of 
transitions between energy levels and at other times in terms of the traditional 
ehromophorcs. 

Recent advances in quantum mechanics are bringing increasing understanding 
of the basic relationships between electronic energy changes in molecules and their 
absorption and emission spectra Already, for example, for dyes a number of 
useful predictions of spectra and related properties can be made on the basis of 
semi-empirical quantum theory. Dewar fl] has summarized this particular field 
recently; and the work of Platt and colleagues [2, 3, 4, 5] has shown the usefulness 
of quite simple theory in classifying and predicting absorption bands; (see also 
Bayuss [6], Kuhn [7] and Simpson [8]}. Such work increases the precision of our 
descriptions and predictions. However, in the transitional era in which we find 
ourselves in this field, the old idea of the chromophore as the absorbing or emitting 
entity is still useful to the analytical spectroscopist, who still detects or estimates 
these groups, normally, by their ‘finger-print’ bands or by the effects on these 
bands of environmental changes. 
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Fig 8. Solvent cfTects on «-*•» and v-»n absorption systems in (a) pjridins and 
(b) pymzmc (from HAtvensoH and HiRT [37J. 



Fie 9 Absorption spectrum of 4:J>.lO-trjaza-I*S: 

CClj.n-hexane (1*10). (Inset, spectrum of I : 


:5'6-dibcnzanthrBcene in ethanol (95%) and 
:2‘S O.dibensanthraceno in CtOH (100%).) 
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In Table 1 a few typical chromophores and some of their modifications arc 
listed, with the and position of the longest-wavelen^th absorption band or 
band-system (corresponding to the lowest energy transition) in each case, and the 
solvent in which the spectrum was determined. Tlie band-systems sliown in 
Table vary in origin. Thus, in some cases, as in simpler ethylene deri^-atives sncii 


, 15C- 2CO 250 200 050 

1 CH^CrC-COOr Elhcno- -i f;? ^ j j-27000 


n CHj<C=C-)jCOOH Elhana - 
Cl CHj-CCsC-^OOH Elhonol - 
E? CH3-(i:=C-),COOH Ethond - 


^ Ethanol ■ 




— 4 ~CrorS.--y**2W0 


m ethonol 

E Bo-ottone 


Table 1. References to data displayed 

I-IV HAUSSEn K. W., KtJHN R., SMAKm.A A., and HoFren M. Z. phyi. Chftn. 19S.1 BSD 
371. 

' Bielecki J. and Henui V. Rer. CAem. O'M. 1913 46 3C27. 

' t MAYNEOnn W. V. ond Roe E. M. F. Proc. Poy. Soc. 1035 A152 290. 

Amer. Petroleum Inst. Res. Project >14; Cat. UV Spectral Data, Serial Xo, 90. 

'’HI As VI. 

Amcr. Petroleum Inst. Res. Project 44; Cot UV Spectral Data, .Serial No 278. 

^ Beale R. N. and Roe E. M. F. J. CAcm. Soc. 1053 2755. 

Beale R. N. end Roe E. M. F. J. Amer. Chem. Soe. 1052 74 2302 

Amer. Petroleum Inst. Rea Project 44; Cot. UV Spectral Data. Serial No. 108. 

HEYnoni F. F. ond Loornoonow J. R. J. Amer. Chem. Soe. 1034 66 1728. 

r^'ole that the position of a band in the Table is rcpresenled dmpmmmatically by a h1<vk 
"hose wavelength-limits oro those at the holf-f„„ \-aluo of the h.ind ] 

as I-IV (Table 1) it is known’ that the band corresponds to a single clerlmnic 
'ronsition (Hausser ct al. lOj <ind Porrs [10]) «hicli is stronsly »llo»o<l. i <■. o>,c 
"hoso initial and final energy states have sue!. ,.ro,KTties timt they eomlnne nn.l 
‘I'erc is a high probability tliat the transition anil oecnr (ef. reference [1 1 J). Tl.e r„. 
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the corresponding absorption in the parent Jiydrocarbou (inset to Fig 9}; and in 
both spectra a red shift occurs on moving from Iiydroearbon to hydroxy/ic solvents. 

In accordance with Kasha’s further generalization [21]. this azahydrocarboii. 
showing TT-electronic states as its lowest singlet states, is fluorescent. wJiile com- 
pounds with clear n-^n low-frequency absorption in general are Jiof fluorescent. 
ForKASitAhaa pointed out, from astudy of the luminescence properties of molecules, 
that if n-^TT absorption falls at lotver energj- than anj’ n-t-n transition, the ni'flc'n.fc 
does not fluoresce, as is observed in all aliphatic ketones and many arumanc 
ketones, in aldehydes, azo-compounds, quinones and nitro-oompounds and !.■ 
most simple N-heteroc 3 ’eIics. ‘Again, this generalization can be ireful in an i.\ 
work. Further, since «-»-» transition.^ are weaker than oorrc^pon.di-i,- r--- 
transitions, the n-^rr excited states are much Jonger-lii c' -han aiid/ocon- 
excited states, in accordance with the classical invert* j .'id'io'i betweo ’ jmi.-i . 
life-time of an excited state and the intensitj' of the C'-iif-i/onding nb-( ’{'^• 
band [21, 40]. A long intrinsic life-time for tlie excited stalt* is probable ’ • 

utmost importance for the utilization of excitation energy [21] Like tnpler »t t- 
therefore, these n-^'W singlet excited states ma^’ have sonie nnporfance m nt - >/> 
transfer processes, and it is possible, for example, that they have ii'^t ' ' 

sidered sufficiently in relation to the biological role of ihc proteins .n 
nucleotides and their derivatives, excited states will occur tn the-*- o - 


under certain conditions and in certain environments 

The question of solvent, temperature and viscosity effects in > , ’ 

systems will be limited to some e.vtent bj' omitting any discussion ^ • 
formation. It will be assumed that only physical perturbation of solute /o 
by solvent occurs, so that every solute molecule is similarh' perturbed a ‘ ' 
not have equilibrium betxi’een two distinct solute species one free and urpci i > 
and one involv’cd in complex formation in the chemical sense of saturation "i f ” 
perturbation by an active solvent molecule (Bayliss and BRACKE>miimK |4i 
An old generalization xvliich maj’ be recalled and which holds for a nonpolar 
solute molecule in a non-polar solvent, is Kuxpt’s rule [42] — that band-shift to the 
red occurs increasingly with increasing refractive inde.x of solvent. Fliere is n 
fairly' clear theoretical basis for this limiting case f43]. but the more u.snal variation'? 
in these conditions still need clarifying, as when polarsoluto and/or solvent mole- 
cules arc introduced. It has been pointed out. further, that the intensity of a band 
should change approximate/^’ in relation to its red-shift, on changing sob cut. and 
this generalization appears to hold in a number of cases (Uaxlis.s [44]). Oxer aji 
of transitions will obscure these eflccts. however, and the flue detail in a band- 
envelope may have its own interest. The spectrum of stilbenc wdl be used again 


to illustrate these and other iwints- 

' Further examination of Fig. 2 shous that the stilbenc spectrum changes v itb 
the solvent, but as with some other cln.s.es of rompoiinds 

is not obeyed ,v;thaut qlinlificatioi.. Tbenpeelrnn. n. etlmno '''f /i';" 
fo the rod timn timt in n-hex«ne. nlehnoRl. the refmet.ve 

little higher. Bcnrene, ■..ill. the highest rermet.ve ,n, ex of he " ; 

rto..-.., give, the large t rea-ehift. but in n.Wilio... nn ...lerv.t.ng .hange the 
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and the ni-ea under the baud envelope ("absorption strength”) were shown [9] in 
these eompounds to be proportional to the number of double bonds in the polyene 
chain, just ns later empirical relationships have been observed between the position 
of the first absorption maximum and the chain length in, for example, the cyanine 
dyes, a relationship which theory now can explain fairly simply [1], 

Compared with that for the — C=C— group, the loiigest-wavciength band 


given by tlie 


\ 


C=0 chromophore (V, Table 


1) IS very weak, corresponding to a 


trausition which is formally forbidden (AIcMurrv [12]). Symmetry considerMioiis 
show that the states concerned should not combine and the low extinction coeffi- 
cient is evidence of this, as in the next example, benzene (VI, Table 1 ; see Spokeb el 
al. [13]). However, distortion of the molecular symmetry by molecular vibrations 
removes this forbiddenness, and this longest-wavelength transition appears, 
although with low probabilitj- and thus with low intensity [13, 14]. The situation 
is quite changed when a typical auxochrome, or colour-enhancing group, such as a 
hydroxyl is substituted in the benzene ring, completely changing its symmetry 
(VII, Table 1). The long-wavelength band appears further to the red; it increases 
in intensity, and the vibrational structure which is found in the benzene spectrum 
IS much reduced. 


The annelation of successive benzene rings, beginning with naphthalene (VIII, 
Table 1), changes the spectrum even more, although Platt’s theoretical treatment 
2. 3. 4] has led to a considerable degree of understanding of the spectra of the 
condensed ring hydrocarbons, and such work has been extended by other inves- 
tigators; (see, for example, [1, 15, 16]. In these aromatic compounds, the 
mobile, unsaturatiou ff-electrons concerned in these transitions have fairly free 
passage over the molecular skeleton and the whole molecule has to be regarded, 
rather crudely, as the chromophore. In diphenylmethane (IX, Table I) where a 
— CHj — group is interposed between the two benzene rings, this free passage for 
the 7 T-eIectron charge is interrupted. The long-wavelength band remains in about 
the benzene (or toluene) position and has approximately twice the molecular 
extinction coefficient of the latter, corresponding to virtually independent absorp- 
tion by the two halves of the molecule. 

Stilbene, having two benzene rings linked by tbc — C==C— group (X, Table 1) 
shows no evidence in its long-wavelength system of the original benzene bands. 
The former, apparently, corresponds to a transition involving the complete mole- 
cule, but having vibrational structure originating in the — C=C — stretching 
frequency (cf. Beale and Rob [17]). Whether any of the original benzene transi- 
tions are hidden in the envelope of this intense band is a point on which some 
evidence will be offered below. However, it is known [13, 13] that when conjugation 
between the separate parts of the molecule is hindered sterically by the substitution 
of methyl groups at appropriate positions (i.e. 2,6,2' and 6' in the phenyl groups) as 
in the hexamethylstilbene XI (Table 1) the absorption again changes, reverting to a 
spectrum more like that of a simple benzene derivative or of diphenylmethane. 

The last two chroraophores in Table 1, pyridine (XII) and pyrimidine (XIII), 
are of interest in many biological investigations, and they exemplify a type of 
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Some eiTecta of environment on electronic s|>ectrs 

vibrational structure of the band may be observed, in that the ^-peak rises com- 
pared with the ,.-peak as the band-system shifts to the red, as does the Jons-wave- 
length shoulder, a. In fact, it is found that the ^-peak can be taken as one index of 
the band and its frequency seems to vary with refractive index in the two classes 
of solvents if hydroxylio solvents are separated from the rest. The shift to the red 
increases, e.g. for the series:— mixed MeOH : EtOH, 05% EtOH, 60 : SO-glycerol: 
Eton, to 001% glycerol : EtOH as solvent, as also in a series of non-hydroxylic 
solvents of increasing refractive index, varying from mixed Mopentane : mcthvj- 



A rn/i 

Fifz 10. Schematic potential energy curves for ground and excited states in a simple 
tnolecule, with absorption spectrum of benzene (in mixed alcohols) at 4-lS*C and ~120’C 


ci/c/ohexane through chloroform to benzene. Now, in the case of a non-polar solute 
such as stilbene, having no dipoie moment, dispereion forces only are expected to 
act in solvent-solute interaction, even with a polar solvent, and the main solvent 
effect should be the polarization red-shift depending on solvent Tractive index, 
unless the solvent molecules in any way constrain any part of the molecule (cf, 
Bayliss [43]). It seems from the data summarized below* that such constraint 
can operate in the case of stilbene, and that this is the reason for the slightly 
greater red-shift in hydroxyhe solvents than in non-hydroxylic solvents, accom- 
panied by a regular change in the relative intensities of the vibrational peaks. 

However, temperature changes also give interesting results in this connection. 
It is well known that changes in detail may be observed in electronic absorption 
bands with changing temperature. As the temperature falls, higher energy 


* A detailed discussion of these data Is being prepared for publication. 
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HYPOPH YSECTOMY AND ADRENALECTOMY 

right kidney. Sometimes it is even necessary to cut an adherent suprarenal 
off the kidney or the liver by means of diathermy. 

In itself the operation is not dangerous provided the operator is familiar 
with the normal and abnormal arterial supply and venous drainage of the 
suprarenal glands, so that these vessels may be caught, divided and tied or 
coagulated with the diathermy before the bleeding obscures the view at the 
bottom of the deep wound. The most important vessel to secure is the central 
vein from the right adrenal which, after a coume of variable length, empties 
directly into the inferior vena cava. Other vessels are derived from the 
inferior phrenic and renal vessels and occasionally from the aorta. If the 
right suprarenal is involved with a metastasis, it is sometimes impossible to 
remove it without damaging the inferior vena cava. The operator therefore 
should be prepared to repair tears in that vessel. I always have available a 
Tom Smith clamp and an arterial suture for use should such an accident 
occur. Franksson and Hellstrom {1956) state that the vena cava was injured 
in II out of their 118 adrenalectomies. 

Alternative combinations of the different steps in the operation are 
commonly practised. For example, as in the case cited above, bilateral 
oophorectomy may be done early in the course of the disease and both 
suprarenal glands removed later at a one-stage operation. Some prefer the 
patient to'lie first on one side and then on the other, others to place the 
patient on her face so that both suprarenals can be removed without having 
to move the patient. Others prefer a long transverse anterior incision, the 
suprarenals being removed from the side. In itself the operation of bilateral 
adrenalectomy is not dangerous provided cortisone is administered Intelli- 
gently and the blood pressure is maintained. 'The operative mortality is in 
direct proportion to the extent of the metastases. By careful selection the 
operative deaths can be kept to a minimum, but unfortunately metastatic 
carcinoma does not allow of careful selection and often the best surgeon 
will lake the greatest risks and will have the highest death rate, but he may 
do the greatest amount of good. 

Worth-while remission has been achieved in about 50 per cent, of patients 
who have had this operation. Cade, in his Hunterian lecture in 1954, found 
that 52 per cent, of his patients showed improvement, in some cases remark- 
able. Dao and Huggins, in 1955, found that 41 per cent, out of 175 patients 
obtained relief. At the Royal Marsden Hospital we have found the figure to 
be almost exactly 50 per cent. Many of these patients have been desperately 
ill, e.g. in deep coma, and a few have been refused hypophysectomy. 

HYPOPnVSECTOMY 

Removal of the pituitary for metastasizing carcinoma of the breast ^%•as 
introduced by Olivccrona in 1951. It is done through a right temporal flap, 
the pituitary being approached by retraction on the right optic ncr>’c. The 
stalk is divided. The diaphragma Stella is tom open and the pituitary 
removed piecemeal. Hemorrhage may be difficult to control. It is a more 
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difficult and dangerous operation than adrenalectomy and probably in itsi 
carries a mortality of about 4 or 5 per cent. 

Alternative methods of ablating tiic pituit.^ry have been devised by Forn 
and Peebles Brown (1955)1 implanted radon seeds into the pituita 
through the nose under x-ray control ; and by Greening (1957), who similai 
implants pellets of radioactive gold or yttrium. Stevenson (1957) has ii 
proved the radiological method of controlling the position of the seeds 
using an image intensificr. A dose of 70,000 nentgen units of garni 
irradiation appears to be necessary to cause necrosis of the pituitary glar 
Unfortunately, the operative mortality is not reduced by adopting thi 
relatively minor, ingenious procedures because a proportion of the palien 
perhaps 6 to 8 per cent., die of meningitis owing to the fact that the rad 
active source is introduced through the nose. 

The results obtained by hypophysectomy are perhaps slightly more sat 
factory than those obtained by bilateral oophorectomy and adrenalecton 
although the operative mortality is higher and the complication rate (e 
blindness, personality changes) is greater. Atkins, Falconer, Hayward a 
MacLean (>957) have compared the two methods by a process of rcckoni 
a mean clinical value (Walpole and Paterson, 1949) on an assessment of t 
state of the metastases. They reckon that the ovcr-ali results of hyf 
physcctomy ‘seem to be superior to those of adrenalectomy wth o6ph) 
ectomy, but the results are not statistically slgnificant\ It is interesting 
note that all reports on pituitary foss® examined post mortem after orthod 
hypophysectomy have shown that the majority, even of the successful cas 
contain fragments of viable pituitary tissue, suggesting that a good res 
following hypophysectomy can be obtained even when some of the gla 
is left behind. Stretton Young (1957) has examined by serial section t 
pituitary fossx of patients who have had radioactive implants and has fou 
that sometimes only a small proportion of the pituitary is destroyed, 7 
results are less uniform. 


SUCCESS OR FAILURE 

Since success or failure depends primarily upon the tumour being hormoi 
dependent, a preoperative test providing a reliable guide on this point woi 
be of inestimable value, but none has yet been devised. Hadfield (19^ 
suggests that a high level of mammotrophic hormone present in the ur 
of women suffering from inoperable carcinoma of the breast is probal 
indicative that endocrine surgery will be beneficial. Up to now and proba! 
for some time to come, it will be necessary in every case to ‘try the expc 
ment’ on each patient. 

Apart from hormone dependence, adrenalectomy will fail if there 
accessory rests of adrenal tissue remote from the gland. These have son 
times been discovered post mortem as low down as at the bifurcation of l 
aorta. In some cases, possibly other organs take over the manufacture 
cEstrogens. It is in this group of failed adrenalectomies that subsequ! 
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vibrational transitions are reduced in probability and soJute-5o]\'eiit interaction is 
reduced, and thus the blurring of the band envelope due to the multitude of 
vibrational transitions is reduced, and peaks normally appear sharper at io\\er 
temperatures. This sharpening effect is fairly general, althougli it vanes in degree 
with the type of molecule and transition ronterned A typirai example i- henzotie 
[45], shown on the right in Fig. 10, together with the type of potential 0 i’ 0 ''gy 
curve [46] which is applicable to such a ra-^e at room tomp-'Mturv, 1'he Oefa iwl 
changes in the curve with temperature «nl not bediseuased tef rofeieu' c[l 1 j j). 
for further discussion) but an obvious re.siilt is thcslunpening of tiie '•tnn ruri-, u ifis 
no frequency changes. It is probable that the *»nly change in the p;>triJti.i/ or^erg' 
curves at low temperature is the introibietion of pseudo-p'^te’,* tal hI'fnp^ -H-a- ‘h* 
dissociation limit, so that the fragment^ of the molecule^ i-i.tof .{«. upe.t t- rcadj'. 
but there will be no effect on the Franck -Cond*'ii pr u. iplv -i i * th? m m, < . if> j 

state vibrational levels involved in the room tcnn«.rntun‘ t; ujlN'pe' >i« n 

low temperatures also. 

In Fig. II, the spectrum ofstifbeneisshown m ihnvsolvenf mivruiv.-, u i i . 
temperature and at low temperatures. A similar 'hur}i'’ninp r* oh^er’vd .ill 
three solvents in both low*frequency band-system.s. A and B. ahlnnigh . n ^ • 'i 

peaksaresharpened more than yin all cases, and there < )ear)y is a sh/>t i *• 

from the high-frequency side of band A into a and /? (1 hango.-* m w" ' 

accurately determined than in B or 0, because A is more eagdy | m i - d 
its neighbouring band, B.) There is no change in band-inten^iry ui-'i .... 
temperature in transition A*. For example, in mixed nlcoliols ( i in ! < n . > 

is 0-728 at 4-20"C and 0-737 at -146*, a change of just over F'o- "bi./. . 
the experimental error. In fact, the change in total/for tlie tuo band-' ( i 
also only about 2%. Nor is any significant frequency-shift observed *( . ■ 

low-frequency slopes of bands A and Bare compared at the tuo tcn>()curuM i 
is the peak frequencies which change, owing to the changing overap 'u 
vibrational bands with changing intensity distribution on temperature re mtiun. 
Similar results are obtained in all three solvents, although in t jc niiset ivt ro 
carbons (Fig. lib) at -1S5°C the peak sharpening is not quite ns gre.it .is in 
alcohols at -146°, and in glycerol (Fig. lie) the difrereutiation m greater, l-.veu 
at room temperature, in flio latter case, l/iere is an increase ni the peak ratms 

and and a red-shift, compared with ethanol; and at -til” t/,e peak change, are 


approaching tlie result reached in the hydroenrhon soi. cut at 1S.» . ,. 

It is worthwhile to e.vamine the dilferenee., he ween the thrt^e c 

solvent., used for t!,o spectra in Fig. ll(e,. X 

solvent increa.,es in the order V5% EtOH, gl.yeero) at +-D 


• TltU in oonlrtvsl to fi 
*'Xp''riit)rnlrtI error. 
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The Introduction and Breeding of the Chinese Striped Hamster 
(Cricetulus griseus) in Great Britain 

ByC. SMITH (Chester Beatty Besearch Institxite) London 


The Chinese Striped Hamster [Cricetulus 
griisBuv) first become known ne a laboratory 
animal in 1919, when Hsieh (1919) substituted 
it for mice. At that time pneumonia was very 
prevalent in Peking, and extensive laborator}* 
tests were necessary to identify the various 
types of pneumococcus. For that purpose the 
Chinese Striped Hamster was found to be an 
excellent laboratory animal. Tn China the 
species is widespread and the supply suffi- 
cient to meet the local demand for la^rnlory 
studies. Interest in this hamster, however 
soon morensed in laboratories, both in China 
and Great Britain, when it became known by 
the work of Smyly and Young (1024) and 
Kindle and Patton (1020) that this animal is 
nn excellent host for the parasite Lehhniania 
donovani, the cause of Kala Aear. Since then 
various efforts have been made to breed the 
species in captivity. Hindle brought back to 
England a certain number of these hamsters 
in 1927. and some time later his assistant. Dr. 
Feng Lan Chow, brovight a further consign- 
ment to this country but they did not suc- 
ceed in breeding from them However, the 
late Professor P. A Buxton, of the I^ondon 
School of Hygiene and Tropical Afedicine. 
obtained a litter from a pair of hamsters 
belonging to this stock and this would seem to 
fmve been the first successful wating in capti- 
vity (personal communication) Only one 
litter was bom and in later years Buxton foiled 
to breed them. Similarly, Chong and Wu in 
Peking (1938) obtained n few litters in 1938, 
but further efforts to mointnln their hamster 
colony were unsuccessful 

It was of considerable interest to eytologisfs 
when Pontecorvo (1944) reported that the 
Chinese Striped Hamster has the lowest 
chromosome number in mammals outside the 
Marsupials He made use of Bouin fixed 
material collected bv Professor B. Hindle. of 
the University of Glasgow, during his expedi- 
tion to Chino in 1925-27 Owing to this new 
interest it wos therefore fortunate that nt the 
Tumblebrook Animal Form, in New Jersev 
USA. Schwentker succeeded in breeding the 
species and offered them for sale From his 
stock a few animals of both sexes were obtained 
by the Chester Beattv Besearcb Institute in 
London in 1050 and fiom them we were suc- 
cessful in rearing 13 litters The colony, how- 
ever, had to be kept small faboiit owing to 


lack of space and breeding was discontinued 

From Schwentker’s stock of Chinese Striped 
Hamsters Hr. G. yergan/an obtained a few ani- 
mals and by great patience overcame the diffi- 
culties of breeding and established a very large 
colony at the Children’s Hospital, Boston, 
U.S.A. In 1954, the Chester Beatty Research 
Institute obtained a further supply from Dr. 
Yerganian and now these have been built up 
into n large colony. Subsequently a flourishing 
new colony has been established at Hanvell bv 
Bracken from Chester Beatty stock; recentlv 
another colony has been started with 50 
animals at the Institute for Medical Research. 
Mill Hill. 

The Chinese Striped Hamster is smaller than 
the Golden Hamster [Mesocricetus auratus), 
sometimes erroneously ^termed Syrian Ham- 
ster. Its length is approximately 9-JO cm. 
from muzzle to the base of the fail, and the 
weight of mature males averages about SS 
grammes and females 25 grammes. The fur is 
rather short with a silky gloss and agouti in 
colour. There is a narrow black streak down 
the middle of the back and the belly is white 
The moles hove a large distended scrotum, 
about 3 cm. long. Both sexes have cheek 
pouches in which they store food. 

The adult animals are kept singly in metal 
cages (Pin x Bin. x 4in.) except for breeding, 
when a male ond femole are put together in 
a large box {28in.xl41n.x4in). Feeding is 
simple because they are tolerant of a widely 
varied diet including green vegetables. In 
1931, Porkes, of the Institute for Medical 
Research, London, studied the oestrus cycle 
of this hamster and found that its duraiion was 
slightly more than 4 days In our colony, the 
oestrus cycle is somewhat shorter, rarely 
reaching 4 days and more often only 3^ days 
The durotion of the "heat” period, the only 
time when successful copulation is possible, 

IS only about 2 hours. The gestation period is 
20 days and the young at birth weigh only 1-2 
grammes Fur begins to grow when they are 
about 4 days old and the young are completely 
covered with hair by the 7tb day Their eyes 
open on the l2th day and then they begin to 
feed on their own They are usually iveaned 
when 24 days old The size of litter varies, 
from 3 to 7, the most common litter size belne 
five It is advisable to separate litter mates 
before they reach the age of 8 weeks, because 
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macroscopic viscosity greater than that of glycerol the changes in r-ratios again 
are not as large as in glycerol. The “microscopic” or “local viscosity” of the 
glycerol solution, referred to a single stilbene molecule would be greater, however, 
than in polywobutene. due to association of the glycerol molecules From the 
results quoted so far. it appears that the change in shape and redistribution of 
intensity in stilbene’s A and B bands, compared with its spectrum at room tempera- 
tures in a hj'drocarbon such as M-hexane, can be produced to greater or Ic.S'cr 
extent by (a) using a hydroxylic solvent, particularly (as in glycerol) one in vhich 



Fig. 12. Variation of potential energj- with twist of the doiihle bonil in 
elhyienic compounds (redrawn from Kasha [21]) 

association and therefore high ‘local’ viscositj’ occurs; (b) by dissolution lu beii/ci.i 
and (c) by reducing the temperature In hydrocarbon or liydroxyhc solvents, so <<o 
again to increase ‘local’ viscosity. Increase in macroscopic viscosity, n'» uhen 
polywbutenc at room temperature is used as solvent, docs not liave the above 
effects. The reason for these results probably lies in the particular potential 
energy curves which require to be considered fora molecule such as stilbene (Fig. 12.) 

Thus, in ethylenic compounds, the twisting motion about the double bond has 
considerable effect on the shape of these curves. JIulliken [47] and JIullike.v and 
Roothaak [48] have discussed the electronic-vibrational interactions in ethylene, 
and Kasha [21] has considered the changes envisaged in complex ethylenic 
molecules in terms of a potential diagram such as that given in Fig. 12. Tmnsifions 
occur in the freely twisting molecule to various vibrational levels of the c.xcited 
torsional potential (.S', in Fig. 12), as in the transition marked ‘liquid’ or in the 
vapour. In stilbene, however, it is considered that the phenyl grotip.s may be 
large enough to inhibit the torsional mode of vibration, so that the pofentral 
cui^-cs mav cliange slinpe (ns in the dotted curves. Fig. 12). and the iioeiido- 

potential humps iittroduccd. particularly inthcc.xcited state, would causcexntaimn 

to occur to a nearly equilibrium configuration, in a rigifi solvent. This change 
should result in a redistribution of intensity among the vibrational tr.nnHtions 
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of their ag^egsive behavioxir to each otlier 
when kept in the some cage. Iij oar colotg' 
the 'hamsters became mature onl^ after 12 to 
16 weeks, males maturing earlier Ibaa females, 
but by providing extra facilities for exercise 
in the cages, Yerganian was able to breed from 
8 weeks old females. 

The cause of previous failures in breeding 
the Chinese Striped Hamster in captivity seems 
to have been due to the fact that the time of 
oestrus or “heat” period can only he deter- 
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mined with difBculty. If o male is placed to* 
gether with a female which is not at this period, 
mating may be attempted but the effort oi the 
male not only fails, but also provokes savage 
Sgbting between the pair. When a female is 
in oestrus, thus ready for mating, she is placed 
m a large breeding box together with a male. 
Aft a rule the female then approaches the male. 
fiuiSs and runs sway. The male having 
scented the female on heat, runs »fter bee. 
The female stops suddenly and humps up her 
back (lordosis). Then the male mounts her 
and copulation takes place. Both sexes 
remain apart after copulation for a hriei period 
but resume activities by repeating the same 
behaviour as described above. The mating 
pair can be left together for 2-3 hours dwmg 
which period coitus usually takes place sever^ 

times (up to 20). The male must be temovea 

aa soon as no more coital play is observe - 
The sexes must also be separated ij^a 
tion.nl, icr'« Jo in the onfic© of tba 


tion-plug'’ is observed in 
■vagina. Though the behaviour 


o! the male and 


female and the presence of a copuJation-pJug 
indicates successful coitus, mating should be 
attempted again at the next oestrus period. 
If the female and male behave aggressively to 
each other and fight, it can be assumed that 
the first mating was successful. 

The Chinese Striped Hamster is nocturnal 
and its sexual activity is 'confined to darkness 
In eariier attempts at breeding, mating trials 
were carried out in the late evening In order 
to facilitate the seporation of mating pairs 
before fighting started between males and 
females, Y— — ^ 
ficheme, 
during dj. ' 

system was introduced and now the HuinR^^er^ 
ata kept in the dark from I p.m to 1ft p m 
and illuminated the remainder of th» 24 
hours, thus bsvmg 9 hours darkue^* isid If. 
hours daylight. Under these r>rci-ir. t-inces 
animals in oesirus can easjiv fcp mat ,) I* ’•<ng 
the ordinary workiog hi.urs without tbs t'-* mer 
inconvenience of keep.og them unJ'*. 'iK 
tion during the night. With in ■< -n'> 
numerous young liavo been bo'ri «.’l *’ Vi- 
been successful in building up i -i. 

of these hamsters. 

Aoknowhdgmantfl 

My thanks are due to Dr K ITmiil, f >'. 
and to Professor P. C Koller. for tb *i- • r • 
and help. 
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that the local, microscopic viscosity is also an important factor in these plieiiomena 
(although not the macroscopic viscosity) and that other factors may operate in the 
same direction. Thus, au increase in the mass of the phenyl groui)s in stilbene 
through solvation, as is conceivable, particularly in the excited state, in a hydroxy- 
lie solvent, could restrict the freetlom of torsion about the double bond and initiate 
the changes in the shapes of the potential curves which lead to redistribution of 
intensity. This could happen in benzene solutions also, through van der Waals- 
London forces. Other evidence in this connection must an ait a detailed publication. 
However, support for this interpretation is to be found in the spectrum of stilbene 
vapour. Style [49] has found almost no structure in tliis vapour spectrum (at 
about 140®C and si.v pressures between 1*4« and 1-43 mm Hg), and clearly this 
result would be expected in the torsional potential case when, as in the vapour, 
freedom of tivist about tho doiibh bond is unrestricted. 

Conclusion 

Some e.xanijdes have been given of the effects of environment on electronic 
spectra, illustrating just a few of the present trends in this field wliich are worth 
further investigation. These nmj’ be summarized: 

(1) Examination of low-intensity «-*•«• systems and triplet transitions 
which, because of their low intensity and consequent long lifetimes, may be 
important in energy transfer phenomena. Tho absorption in the tail of a spectrum 
is not to be disregarded. 

(2) Awareness of possible complexity in an apparently simple spectral outline 
on account of overlap of both electronic and vibrational transitions may lead to 
the use of environmental changes to resolve this structure, e.g. by solvent or 
temperature changes or by chemical substitution, although the last may be more 
difficult to interiiret. 

(3) An interest in band-intensity measurements (/-volucs) is of increasing 
importance throughout the field of electronic spectroscopy both in absorption and 
emission. Possibly this is one of tJie strongest reasons for the practical use of a 
frequency scale rather than wavelengths in measuring and plotting electronic 
spectra. 
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{/teeeiml 16 

llio proeoascf* of morplioprnMn nn«l dilTcmitiation 
in omlirj’OT may Im rxprrawl on tli<* moI«ulnr 
lovol M an increasing coinjil^’xity oformngi'ment of 
proteins m tho cinbrj’onic cell. TI»t'« orranirnicnt 
may bo accompanied dox-elopmcnt or l«v« of 
certain cnzj'mic octivitnw lionng diflerentintion 
until tho compiement of enzymes chamcteristio of 
adult tissiio is attained, llocll (1955) lias rcvteiml 
tho considcrabln amount of evideneo that enzymo 
development is linked «ilh functional diffiwnlio. 
tion during dovelopmont 

Tho ontogenic soqiicnco of carbohydrate and 
protein as primary energy sources during develop. 


Avfput 1960) 

ment of tho chick embrj’o (N’c«niom, 1031) may l>e 
accompanied by tho nppeamneo of enz^’ines con- 
cemwl with tho conversion of carboli^dmto into 
protein precursors, niutamicdelijilrogenase (GDH) 
pla^-8 an interesting role m amino acid metabolism, 
by providing a possible pothway for tho production 
of glutamic acid from carbohydrate sources by tho 
fixation of ammonia, or as an ‘t-amino acid oxidaso ’ 
in conjunction with tho transaminases (Braunstcin 
* Bychkov. 1039; Braunstein & Azarkh, 1945: 
Moister, 1955). 

GDII activity has been measured in blastoderms, 
embryos and their o.xtro-emhrj’onic tissues during 
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development of the chick embryo, and the levels 
of enzyme activity compared with those of the 
9-week-old hen. A preliminary report of this work 
has been presented (Solomon, 1956). 

EXPERIMENTAL 

Maimals. o-Oxoglutaric acid (British Drug Houses) was 
recrystallized twice from hot acetic acid, Reduced diphos 
phopyridine nucleotide (DPNH) and a aolution of purified 
ox-liTerGDH were supplied by C. F. BoehringerandSoehne, 
Mannheim. 

fistuis. Eggs were obtained from Rhode Island Red x 
LigbtSussexfowl3(AgricttlturalResearchCouncil,Ci>Dipton, 
Berkshire}, and were incubated at 37® in a Weatemetle 


logical development was classihed according to the stages 
proposed by Hamburger & Hamilton (1951). The average 
incubation times quoted by these authors for each stage 
were used so that morphological development » expressed as 
‘corrected Incubation time*. Blastoderms were removed 
whole until 35 hr. (lOeoaiites stage), when the opaque area 
dissected from the embryo. When (he opaque area 
became vascular, it was subdivided into the vascular area 
(limited by the ttnut Uminale) and the outer periphery of 
the yolk sac, untd the vascular area completely surrounded 
the yolk (at about 7 days of development). In later stages 
the total extra-embryonic tissue was separated into the 
yolk sac and allantoic membrane The tissues studied were 
the blastoderm (embryo with opaque area), the einbiyo 
from 35 hr,, the vascular area (35 hr.-6 days), total yolk sac 
(from 35 hr.) and the allantoic membrane from 6 days of 
incubation. Tissues were stored at -15^ 

^^Astaj/of snsyme flrffvjVy, The method used was essentially 


Protan deUrmination. The method of Sutherland, Con, 
Haynes &. Olsen (I9'49l was used. Bovine plisina albumin 
(Armour Laboratories) dissolved m O-l M-phosphate buffer, 
pH 7 <5, was used as standard protein. Estimations were 
made within the range 40-200 fig. of albumin in 5 5 ml 
pH optimum. All essays were made in 0 I u-phasphatc 
buffer, pH 7-6, which was found to be the optiro um pH of 
GDH m an homogenate of 9-day-olJ chick embr js. 

Boffioffenaits Gopenhaver, JfeShan <fe Meyer < JP50) and 
Hogeboom A Schneider (1953) found that GDH activity w a.e 
greater when tissues were homogeniz'd in water instead of 
m isotonic sucrose solutions All homogenates mi tbi» work 
were made in water with a gmund-glas.'' honir/geni^pr. and 
assayed immediately. In the early staiies i ^ d-n • lopcient 
tissues from about six eggs were pooie'i i >> • ii n iH-u; > 
genate; U) later stagwi. tia>.ucs from two ,^b nere Msed 
GDH activity wa- stahle in frozen bora igena^’- I ' l /«' 
24 hr. 

Atlemj'U to rtUase ^urthf nrituly \rn n ' //e/-, 

Hogebooni e Schneider (/P53> have sIiom; •> ’ '-Id, i f 
mouselirer. localizedercJusiVBJy n the r/’i'-i i. k, asn' 
these authors obtained a threefold iocrt'a»c G i’ 
disruption 0/ the ror'icliotidria UTienl''i> > . t-M-'i. |, 

liver were rapidly fi izen and elowly tl’ I / *’ * >'"'••• n 

QDH activity occurred Acetooe.dri' d jm w ' ’ .n . 
from hen liver by a method desKib*'' S 
showed less act»vity/mg of protein ti • . ' . a 

genate 

Pnxymt (oncentralxem When difft'n-* v r > • 

purified OT -liver GDH iBoehringeri w*" v 

relationship was found between deem r i mt i ’ji' 

and concentration of (•nzyto' vutinD i •> 

1-8x10-* units /l-16^g of protein) H' i''.''! i 
assayed within this range ONon A .infi-iv , ■ ‘ 

tainedamaximalspecificaetintyotJt'uiiiti m < ' 

which is 300 tiroes greater than that of tld Boto. >' 
preparation. 

Rtvtnihxhly of (At feaclton Olson & Anfinsen 

I -<i 4 . .4._<. .4..I wan >• 4 in 


decrease in optical density at 340 m(t. The reaction mixture 
contained l-O/imoles of KCN, J-2 m-moJes of nicotinamide. 
‘•Sfimoles of DPNH (sodium salt), 0 Ik phosphate buffer, 
pH 7 6 {2-5 ml.), CO m-moles of and 0 1-0-2 ml. of 

vnzimie solution or homogenate in each cuvette; total 
volume was 3 ml. Measurement# were made In a spectro- 
^otometer (Unlearn SP. 600) at room temperature (20®). 
The optical-density reading for the blank was set at 0 4, and 


has been conSnzted on homogenates of hen liver when 
^^^*■-1^110011011 values were one-fifth of those for DP.\'H 
oxidation. In view of the very /ow activities of ODH found 
in the tissues studied only the DjONH-o-xidation reaction has 
been used for assay purposes. 

Inhibitore. GDH is highly specific for z-glotamio acid 
(Euler, Adler, Cilnther* Das, lW8,-Dewan. 1938; Olson L 
Anfinaea. 1953). The addition of n-glulamie acid (end 


»ade in duplicate. Hogeboom & Schneider (1953) have 
with mouscUver homogenates that the amount^ 
^ oxidixed under similar conditions corresponds 
•toichefonetrlcally with the amount of glntaauc acid 

wmed. OncunitofGDHsctmtyjadefinedaathatamoTOt 

’'bich causes lumole of CTMI to be oxidized in 1 mm., 
«-6 22 X 10* (Rorecker & Komberg. 1948) being used as the 
®'vlecu)ar extinction coefEcient of DPNH. 


concentration of substrate) to a homogenate ot hen liver 
(0-9 mg. of protein) produced C0% inhibition of GJ)ll 
activity. Vaflee, Adclstein A Olson (1955) hare shown that 
GDH contains 4-5 g atoms of 2n/roole of enzyme fiDo|.wt.. 

10*).Tbeyroandlhafcactjvity waal^h;•b»teda^gnlfic4nt(yby 

lbe raelal-cheJating agents aodmm diethyIdiihioearUmate 
aiidl.-19-phrnsathrt.5ine. ODH activity of the B.whnDeer 
ptvparation (100;ig.) was inhibited 59-88% by aoiliuo 
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Answer: Yrs; Cotrr-soN nnd Jacobs (J. CAem. .^oc, IDIO 1033) calculated by the method 
of molecular orbitals the bond orders in stiibcne, 4*ammoatilbcne and 4:4'-diamino8tilbcno and 
the chorge migrations in the lost two compounds. Thoslido (Fig. 3) shows diagrnmmatically the 
charge distribution in the ground and first excitwl states in 4-amino8tilbene. 'J'ho radius of each 
black circle is proportional to the calculated oxccas ir electron chorgo (abovo 1 0) on the atom. 
The change in bond order from ground to excited state is indeed greatest at the ethylenic double 
bond, os is also tho cose for stilbeno itself, whero it leads to the appearance of fine structure in 
the u.v. absorption spectrum duo to tho — C*=C — vibrational frequency. 

M. VAN LANOEitMEEtiscH: Concemont Jo dtfplacement des bandcs d’absorption u.v. lorsqu'on 
change de solvant: I’effet constatd, lorsque les solv'ants eont do constitution chimique tr^a 
chfi<^rento, comme dans lea examples cit^, oxiatO'tdl ausai loraque les aolvonts font partie d’une 
B^ric homologue (par oxemple hexane ot heptane)? 

Anawer: Wo have cxamine<l tho apcctra in other hydrocarbon solvents, auch as i.ro-octane and 
liquid paraffin, and have commenced experiments to determine these efieeta in a homologous 
series of paraffin hydrocarbons nn'd of alcohols. Tho offects notctl in 13 dilTcrent solvents appear 
to support the gcncrnliiations I havo mentioned. Theao arc the conclusions of the preliminary 
Bun-cy. 
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(Ifirooie) and xx'>dipjrid;l (I^. 
mnlo). Significant inhibition of ODlI aetuity was produced 
when either of these two compounds (O)|imo)c) was 
added to a homogenate of livers from 14-day>o)d chick 
embrj os (corresponding to 0 48 rag, of protein). 

RESULTS 

Eg? yolk is known to contnln many cnzyrncs anil it 
was not surprising to find GDH present in unincu' 
bated egg yolk of the fowl. Yolks obtained from eggs 
containing developing embrj-os showed a consider- 
able increase of activity from tho second day to 
7-6 days of incubation (Tablo 1), ond a decrease 
during tbo period 7*6-18 daj-s of incubation. This 
bcliaviour U similar to that observed by Remotti 
(1927) for a protease having maximum activity in 
fowl-egg yolk at tho tenth day of incubation, which 
is tho timo of tnaximum protein catabolism in tho 
chick embr^'o (Needham, 1931). No ODH activity 
lies been detected in egg white. 

Tlio total GDH activity of the chick embryo, tho 
yolk sac and the vascular area of tho yolk soo is 

Table I. C^anffeto/ODff activity 

dtm'riff dnyfopment a/ the chick emfrrye 
KPxCDffscliTitjr 

Incubation /«- > 

period (Units/ 

(days) (UniW/jolk) rag. of protein) 



Incubicton (Ime (drx>) 


Fig. 1. LevelsofGDIlMtivityinthechickembryoandthe 

yolk sac (luring development. #■ Embiyo; A, vssenjar 
area; Q, yolk sac. 


shown in Fig. 1, a semi-logarithmic plot being used 
for GDH activity. Activity was first detected in 
blastoderms, where it increased more rapidly than, 
in tho embri'o until about the third day of incuba- 
tion. This activity was not localized in the opaque 
oroa, 03 tho vascular area showed tho same rate of 
increase up to 3 daj-s of incubation. After iho third 
day of incubation GDH activity increased less 
rapidly imtil tho yolk sac was entirely vascular 
(about tho sov’cnth day). The rate of increaso of 
GDH activity in the total yolk sac inlater stages was 
very much Jess ropfd. GDH actiWty w'aa first 
dotocted in tho chick embryo at tho 10 somites stage 
(35 hr. of incubation) ond activity increased rapidly 
until tho 4*5 da}*8 dovelopmental stage, when a 
change in the rata of increase was obsera'vd. A 
similar change m growth rate (on a «-ot wt. basis) 
has been observ-cd at this stage of dovclopment. 

Tho distribution of GDH in tho egg during 
development is shown in Fig. 2. GDH in the yolk is 
not severely depleted until the 16th day, when tho 
ombiyo contains nearly half tho total GDH in tho 
egg. Tho amount present in tho oitra-embiyonic 
tissues (tho allantoic membrane is not shon-n as its 
contribution to the total is negligible), although 
greater than that of tho embryo until the tenthday, 
is no\*er more than 6 % of the total activity of the 
ogS* 

Tho ODH activitioe/g. wet wt. in the yolk sec and 
tbo vascular area of the yolk sac during 1-16 days of 
incubation are shown in Fig. 3. Theactivities/mg. of 
protein in tho yolk aoo follow a similar pattern to 
tnoso relative to wet wt. except that the slight in- 
crease in activity/g. wot wt. at 4 daj's (Fig- 3) is 
accentuated on a protein basts (2 Sda^iW, 0*6 x lO'^; 



i^g. 2. PwtributionofGDHujthehen'aeggdurmgincuba- 

lion. •.Erabryo; B.yolksM; dyolk- 
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the bain of DNA towardi alkylail^j 
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4 days, of protein) andno sharp 

rise in activity (on a protein basis) was found in tho 
vascular area of the yolk sac just before the third 
day of incubation. However, at 6-5 days of incuba- 
tion two high results were obtained for tho vascular 
area (average 1*7 x J0~® unite/izig. of protein). 

In the allantoic membrane, GDH activity/g. wot 
wt. showed only a very slight increase from 6 to 
18 days of incubation (6 days, 16 6 x 10~*; 11 daj’s, 
23 X lO"*; 18 days, 24 x 10"^ tznits/g. wet weight). 
The increasing protein content of the allantoic 
membrane dunng this period of incubation showed 
as a decrease of activity/mg. of protein (6 days, 
1-27 X 10-3, • 11 days, O-Sl x lO-S; ISdays, 0 48x I0-» 
units/mg. of protein). 

The opaque area of blastoderms possesses a 
higher activity than any other extra-embryontc 
tissue at any time (on a wet wt. and protein basis) 
during the whole period of development; there is a 
Bmali peak on the fourth day of incubation which 
may bo due to the sudden rise in GDH activity (on 
a wet wt. basis only) in the vascular area just before 
the third day. 

The relative GDH activities (per g. wet wt. and 
per mg. of protein) in whole chick embryos during 
development (Fig. 4) again follow a similar pattern. 
ODH aotmty on a wet wt. basis increases ehght/y 
from the 10 somites stage to the second day of 
mcubation, followed by a fall until the fifth day. 
Activity remains constant until the tenth day, after 
which there is a steady rise up to 16 days of incuba- 
tion, when the embryo has reached the high level of 
the 2 days of incubation stage. On a protein baste, 
GDH activity exhibits a more marked peak on the 
Second day of development, but otherwise activity 
remains nearly constant during later development. 
This peak of activjty/mg. of protein is of the same 
order as that found in the opaque arcs of blasto- 
derms 24 hr. earlier (2-6 x 10-* units/mg. of protein). 



yolk Mc. 


From the fourth day tho coastaat IqwI of activity/ 
mg of protein in the embryo is five tunes greater 
than that of tho yolk sac. 

Tho mcreaso of GDH activity (per g wet wt.) in 
whole embiyos after 10 days uas further studied by 
measuring GDH in organs and tissues of tho embryo 
Ti^ues studied were liver (from 7 days), brain (from 
10 days), heart and skeletal muscle (from 14 daja 
until 3 days after hatchmpl. Tho GDH octivities/g 
wet wt. of thoso tissues during lato fievelopmcnt of 
tho embryo and earl^' development of the chicK- 
(Fig 5) remain constant in the brain an.f heart, but 
there is a slow increase m the hver up ti tho 16tb 
day of incubation and then a dccivaso uruil 3 day'- 
after hatchmg. a sjmiJ.»r p.sttem oei-ii»‘« m ‘ilielvtoi 
muscle, with a ftoak at 18 dayt> of luruba* • u Oi 
a protom basis a slight's' d fferent acci”’'ui''r'.-'.i nt 
activityu«ovident(rig '7 the/ictiviri#- •‘h ’H'ian't 
bram ineimso st«jadih afUr 10 daj s if eiini uoii, 
liver shows a ratbor e/.rjior j»eal; (14 do^ and 



Fig. 4 . BefatiVe GVH actfriti'es in the denloping embp'o. 
0. GVH actirity/mg. of protein; O. activity/ 

100 p. wet wt. 



Fig. fi. <JUIIactirily/ir. wrt wt. in linti/e* of lb*" derrJopiPff 
cbkitemi^yo. 
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TABLE I 


REACTION OF DEOXVRIPONOCtEOIIDES {o.lM IN PHOSPHATE, pH 7.2) 

WITH O.lM DIMETHYL SOLpHATE FOR I h AT 37* C 



YiAi.% 


Rp 


ts^omu 


(•) 

W 

(of 

w 


tsio mu 

Deoxyguanylic acid 

— 60 


0 65 

282; 256 

0.68 

Deoxycytidylic acid 

7 

16 

0.55 

0.81 

279 

1.25 

Deoxyadenylic acid 

— 5; *4 

— 

065; 0.77 

261; 260 

o.X3;oo3 

Thymidylic acid 

19 — 

0.38 

— 

— . 

— 


ACTION OF NITROGEN MUSTARD (HN|) 
ON DNA 

(o.oi moles P/l, with ooiA/ HN, in 
0 036N Na PHOSPHATE pH 7.2, FOR 24 h 
AT 37* C) 


TABLE II The question of whether the same order of re- 

activity applies to these bases when present as 
constituents of DXA was .investigated by reacting 
calMhymus DNA with nitrogen mustard (HN,, 
di*(2'chloroethyl)-tnethylamiacl. Perchlonc acid- 
hydrolysates of treated and untreated DNA were 
analyst by paper chromatography, according to 
WvATT*, with the addition that two-dimensional 
chromatograms using isopropanol-NH,* were run 
for the former. Table II expresses the results in 
terms of the molar ratios of the bases For the 
control, recovery was 90 % moles base per mole P. 
The Same order of reactivity of the bases is evident, 
and It can also be deduced that attack by alkylat- 
ing agents may be expected to be greater on nucleic 
acids containing a preponderance of guanine and 
cytosine rather than of adenine and thymine, ac- 
cording to the generally accepted classification of their analytical types*. 

From the reacted DNA three additional components were separated, having Up values 
with IPA/HCl and IPA/NH, resp. as follows. 

0 02. o 02, o 05, o.ii ; e 20. 0.37 

Of these the second showed an ultraviolet absorption spectrum of the type expected for a 
-pv, *v» u efnrtUrt In view flf the hypo- 

• , * , , with mono- 

' , • ilecules, the 

S • ■ ay presents 

some interest 

I thank Professor J A V Butler and Mr E. W Johns for the supply of DNA. 

The work has been supported by grants to the Chester Beatty Research Institute (I«btute 
_ . _ . ^ T?— .—i-A riamnaiFn tne lane 



Co«i/rol 

Rtacui 

G/T 

0 98 

041 

A/T 

1.20 

1 0& 

C/T 

' 0 91 

0 61 

A -f-T 
G-f-C 

1.17 

1.69 
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Table 2, Comparison 0 / GDH activities in organs from a Z-day-old chick and a d-utek-ahl hen 


10* X GDH activity 



(Units/g, 

. wet at.) 


(Units/mg. 

of protein) 


Chick 

Hen 

Incmise 

Chick 

Hen 


(3 days) 

(9 weeks] 

(%) 

(3 days) 

(9 weeks) 

Heart 

40 

217 

440 

14 

31 

Liver 

48 

257 

440 

1*7 

1-8 

Brain 

25 

227 

810 

0-7 

2-4 

Muscle 

173 

515 

200 

1-8 

103 



Fig 6. GDH activity/fflg. of protein m tmuM of the 
developing chick embryo. •, Liver; 0> muscle. A. 
bramj □. heart. 


Table 3 QDH activity per cell in early chick embryos 


Corrected 

incabatioa 


10«kGDH 

tune 


actmty 

(hr.) 

of cells 

(DDits/cell) 

34 

10 

240 

36 

12 

220 

47 

4-3 

93 

53 

82 

61 

68 

12 

58 

60 

15 

53 

70 

92 

15 


skeletal muscle exhibits a nearly tenfold rise m 
activity from the 16th to the 18th day. 

Leslie & Davidson (1951) have shown that there 
are large variations in cell mass and protein in the 
tissues of the chick embryo during development. 
The average cell number of a known weight of 
tissue was calculated from these authors’ figures for 
deoxyribonucleic acid phosphorus (2 35 x 10*’ /ig./ 
nucleus). The average GDH activity/cell m the 
developing tissues of the chick embryo presents a 
similar pattern to Fig. 6 except for muscle where 
GDH activity/cell contmues to increase after the 


18th day of incubation to 3 days after hatching 
The decrease in mtiscIe-GDH activity on a wet wt. 
and protein basis after the 18th day of incubation 
(Fig?. 5 and 6) now appears to be due to the great 
increase in musde-cell mass and protein knoivn to 
occur during this period of development (Leslie A 
Davidson, 1951). 

For comparison with levels of GDH activ’ity of 
embryonic organs, GDHactivityhas been measured 
in the corresponding tissues of a 9-week*old hen. 
The general increase m activity with age is showm in 
Table 2. The percentage increases in GDH activity 
on a wet wt. basis are in the ascending order muscle, 
heart and b'ver, brain; whereas the order on a 
protein basis is heart, liver, brain and muscle. The 
heart and liver show the same percentage increases 
in activity, the brain increases its octivity/unit wet 
wt. by eightfold and activity/mg. of protemjs 
increased nearly fivefold in muscle. 

It is possible to calculate average GDH activity/ 
cell in embryos during the 35“?2hr. incubation 
period, on the basis of the average number of nuclei/ 
embryo, which has been found to show a steady 
exponential increase during this period (Solomon, 
1957). The results (Table 3) show a gradusHy 
diminishing amount of enzy-me/cell in the embryo 
despite the sharp peak ofaotivity/mg. of protein at 
2days (Fig. 4). This may mean thatmany cells in the 
later stages of development contain little or no 
enzyme, io. there may be a localization ofengjano 
activity. 

Ihe highest specific activity obtained for a pre- 
paration of oxdiver GDH is 1 unit/30;ig. of GDH 
preparation (Olson & Anfinsen, 1952) This figure 
may be used to calculate the maximum amoimt of , 
GDH present in any tissue; the highest level of 
GDH activity/mg. of protein is 10 3 x 10** unit m 
skeletal muscle of the 9-week-old hen, which • 
corresponds to 0 03% of the total protein. The 
maximum amount of GDH present in the 2-day-old 
chick embryo on this basis would be 0 01 % of the 
total protein. 

DLSCUSSION 

The increase of GDH activity in egg yolk from the 
second to the eighth day of incubation may be due 
to the disruption of yolk particles, e g. vitellme 
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platelets (Pamjel, 1950), during the metabohsm of 
the yolk. The comparatively large amount of GDH 
m the egg yolk during doi-elopment is in excess of 
the requirements of the embryo until the pre- 
hatching stages; however, it is not yet known 
whether the GDH of the yolk is transferred to the 
embryo during later developmental stages or 
whether the embryo con sjoithesize GDH inde- 
pendently of the yolk. 

Tlie yolk sac is Icnown to behave as a 'transitory 
hver’ in respect to glycogen storage (Bernard. 
1872) and as mature liver in its response to insulin 
(Zwilling, 1951). It is interesting to note that the 
high level of GDH activity/mg. of protein of blasto- 
derms (2 6 X 10“3 unit) is greater than the activity 
of the yolk sac at 4 days (1*4 x 10~® unit), vascular 
area at 6-5 days {1‘7 x 10*^ unit) and the liver at 
24 days (POxlO"^ unit). The level of activity of 
l4-day-oId chiek embryo liver is identical with that 
of liver of the 9-week.old hen, and the hver at 
l4 days can bo regarded as temporarily ‘ functionally 
mature ’ as far as GDH content is concerned. The 
high levels of GDH in the yolk sac during early 
development lend support to its suggested function 
as a ‘transitory liver’. 

The presence of minute amounts of GDH m 
tissues of fhe chick embryo does not indicate the 
oxtent to which the enzyme is being used for 
glutamic acid oxidation or synthesis. Both a-oxo- 
glutaric acid (Westfall, Peppers & Earle, 1055) and 
glutamic acid (Rupc & Farmer, 1055) are knoxvn to 
be present in d-day-old chick embryos and their 
extra-embryonic tissue. Rupo & Farmer (1055) 
consider that the large reserves of free glutamic acid 
ui the egg yolk and white are sufficient to satisfy the 
requirements of the developing embryo and, os 


are m agreement ivith this suggestion, and may only 
act as a localized ‘reserve mechanism* for ammonia 
fixation; however, 3Ioog (1052) considers that chick 
embryonic tiasucs may not be provided mth tho 
enzyme reserves possessed by adult tissues. 

When tho daily increment of GDH accumulation 
relative to wot weight in tho developing embryo is 
plotted, tho curve shows some similarity with those 
of total carbohydrate and protein (Xoedham, 103!) 
in falling rapidly until the sixth doyordtn'olopmcnt. 
After this time tho GDH curve remains ot a nearly 
constant level and resembles that of corbohjdratc 
rather than protein, nhich risra rapidly after the 
seventh day of dovelopmont. 

Certain other enzymes which haw been stuiluvJ 
during the development of the chick einbr>-o show 
some similarities to GDH. Lcv>' A Palmer (19-10) 
found that dipeptMoso in the chick embryo ba«! « 
high lo\el of activity (on « wet weight biwis) at 


I 5 daysof mcubation, then activity decreased until 
the third day, and remained at a constant low level 
until the moth day before rising to its Former high 
level on the 16th day. Tins is a similar pattern to 
that of GDH after 2 days of mcubation Tho peak of 
GDH at 2 day's precedes that of aminopcptidaso 
(Levy & Palmer, 1043) at 2 5 da> s of doi, elopment, 
which thenfoHowsapattem similortothot ofGDH 
during the later developmental stages It apjiears 
iliat these peaks of actiMty in the eariv chick 
embryo follow the ontogemv sequence, dipeptidase. 
GDH and ammopeptidase. during 1 .^2 •> days of 
mcubation Tliese}>eaksofactivitv'm'’.arh embryos 
were not foimd for gfiuainotransfer.vse and glut- 
atmnesjiithetase Giuduiek. Hol.i & H'lU-i-.rh, 
which increase pan pns*u with total pr, jem in the 
embryo and yolk sac lo^ Jid GDH aft**r tii- fo’irth 
and sixt'i dat, res,f>eetii*eh i Tran-tfr..-!' art Mtv 
(j>er mg -’f protein) iri<n?nsv<J stvadih in the im-r 
between the sixth and l.sth day ol im id>.uioTi htu 
there WAS no peak of octnit.v as with iJDH The 
change m GDH activity (per mg of /'rou’i'i; m 
devciopuig skeletal mu.scle sho«> a marknl n* 
semblance to that of txicnosme itA-v 

(Moog, 194"). "'hich increased threefold letv ix n ihi- 
12th and 20th days and then dec-nMusetl ti- a« 
level at 3 doya after hatching .Mong i I't iJt - 
that the peak of adenosine triphoKjihauk-i' .i-. > 

couicides with muscular acti\ity b(fim> hu. Im ’ 
the sharper increase (tenfold) in GDH .vm i i > 
muscle during the ]4th-lSch da\ niji\ u ■ - h' 
associated with muscular nctiMts nfib> 

The levels of GDH (per mg of protein * in i'-' i 
during development of the thick enibr'.* u -* 
generally lowvr than m tissues oft he 9-week-old hni 
However, with GDH it has been sliown that tho 
opaque area of the blastoderm and the 2-day-old 
embryo have GDK activities a-s high as those of 
adult brain, heart nnd hver. Tho ratio of minimum 
to mn.ximum activities in ascending order is chick 
embryo and allantoic membrono (3), heart (6), li\-cr 
(7), bmin (10), yolk sac (13) nnd imiscle (26). 

The GDH activity of eorly blAstoilcrms is pre- 
sumably localized in tho opaquo orra since embryos 
of 10 eomitv.s have only traei“» of enzymic oelivity. 
Tho high level of octixity (per inp. of protein) mtho 
opaque area of tho blastixlenn rapidly falls with 
devolopnwntondiafollowixl bya surge ofncti'iiy in 
tho whole embryo at 2 dass. It upjx'ars that the 
opaqueareacontainso high Jeirl of (SDH during tlw 
ibmuitioTiof tho primitive streak nnd early suiwites: 

A rneosurable amount of tho enzyme orrurs m tlvo 
embryo ofterSHir., where It may have an important 
localized function in tlie inorphugenic prevres^at 
this BlBCo. Tlw' next surgi' of octu ity j^r nig. of 
protein occurs in the yolk sac ot 4 (U>«, hut is not 
folltmtxl hy aswtgv’ m itilalemhryunir aetii uy nri'l 
may he coruicctcsl with tho mobilization of (;Dll in 
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acid, methylated at pH 7, yields 7-mcthylguanine on 
acid hydrolysis.^* Further work, outlined here, has 
led to chromatographic isolation of a methylated 
deoxyguanylic acid, which yields 7-methyIguaoine 
on hydrolysis under much milder conditions than 
for the guanylic acid product, hydrolysis being appre- 
ciable at pH 7 and 37°. 

■ • hatcfO lM) 

' : * ■ ' i!.)inO'4N- 

. . • •7-2,at37'*, 

for 1 hr. The mixture, chromatographed on Whatman 
No. 4 paper with saturated aqueous ammonium 
su!phate-propan-2-ol-0- 1 N-phosphate (79:2: 19)* at 
pH 7*2, as solvent, afforded two components, one of 
Rf 0-4 (as for unchanged deoxyguanylic acid), and 
the other of /?, 0-65 and with absorption maxima at 
282’5 and 256 m/i at pH 7. At 37°, in buffer of initial 
pH 7*14, the latter product changed slowly into 
another giving the absorption spectrum of 7-mcthyl- 
guanine, the half-life being ea. 20 hr. and the final 
pH 6-93. At 22°, a precipitate was gradually formed 
in the original reaction mixture which, unlike the 
original product, gave no reaction for dcoxypentose.* 
This precipitate recrystallised from water as colour- 
less needles (Found: C, 44-1, H, 4-3 ; N, 41*7. Calc, 
for CeHjON*: C, 43-6; H. 4-2; N. 42-4%), and its 
ultraviolet absorption spectra at various pH*$ were 
identical with those of 7-methyIguanine (see Figure).* 
(These spectra show five isosbestic points, resembling 
those presented by Weissmann er at.'’ rather than 
those due to Gulland and Story,* in which only three 
isosbestic points occur although the extinction co- 
efficients are of similar magnitude.) It appears there- 
fore that, unless a rearrangement accompanies its 
hydrolysis, the initial product is 7-methyIdeoxy- 
guanosinium 5'-phosphate (I, or the isomer with the 
* , V.' r- • •• ■ • 'T-meihyl- 

s deduced 

1 . mft) and 

9800 (256 mfO, and hence that the yield was 60%. 

A mechanism is therefore established by which 
alkylation of guanine moieties of deoxyribonucleic 
acid could cause, not only rather extensive changes 
in physicochemical characteristics due to quaternary 



Product front h} droh sis of methylated deoxyguan ylic acids • 
X, pH 12; + , pH 7; •, pH 1*3. Lines are for l^methyL 
guamne, at the same pH'$ 

groups at ring-nitrogen atoms, but also elimination 
of the alkylated guanine moieties from the macro- 
molecule, at physiological pH, by the slower sub- 
sequent hydrolysis of the 7-alkylguanine-deoxy- 
riboside linkage. Further, the latter process might be 
expected to facilitate fission of the polymer chain, as 
suggested* for the analogous cose of the apurinic 
acids. 


— I 

S'OH? 

CH ' 

CH,-0-PC3,^" 

The authentic sample of 7-methylguanine was a 
preparation by Dr. N. Anand, obtained through the 
courtesy of Dr. D. M. Brown and Professor F. 
Bcrgcl, whom the author thanks. The helpful 
interest of Dr. E. M. F. Roe and Mr. G. M. Timrnis 
is also much appreciated. 

[Received, July 23rd, 1957.] 
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tho yollc. On the Htli day there 1*3 a pronounced 
surge in the li\’er which precedes a greater surge of 
activity in skeletal muscle on tho 18th day. These 
surges of activitj* probably represent a pattern of 
functional differentiation of certain cells in the 
embryo, and in its liver and muscle. 

SUMJURY 

1 . An increase of glutamic dehydrogenase (GDH) 
activity m yolk of the hen’s egg has been shown to 
occur in the mid-incubation period. 

2. Generally, the levels of GDH in embryonic 
tissues are less than those of tissues of tho hen except 
for the blastoderm and 2-day-otd embryo, which 
have GDH Ie\'c]3ashigh asthoseofsomehentissues. 

3. GDH has been foimd to mcreasepart jiomm with 
total protein m the whole embrj’o and yolksac from 
tho fourth and sixth day of incubation respectively. 

4. GDH activity in tho chick embryo and its 
oxtro-embryonio tissues during development has 
been sho%vn to have similarities with certain other 
enzyme activities. 

5. In certain tissues of chick embryos during 
later dov’elopmental stages considerable surges of 
activity or© found to occur winch may bo associated 
with functional differentiation. 

I wish to think Professors A. Kaddow and F. Bergol for 
their interest and encouragement 10 this work Thisinresti- 
gation has been supported by grants to the Chester Beatty 
Research Institute (Institute of Cancer Research* Royal 


Health Serrice. 
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hypophysectomy and adrenalectomy 

hypophysectomy may succeed. Incomplete extirpation of the organ accounts 
for a number of failures, especially in hypophyseal ablation by radioactive 
implants. Adaptation of the tumour to the altered ‘endocrine environment* 
accounts for the ultimate failure so far of all these methods of treatment. 
‘Success’ can be appreciated by the patient and measured by objective 



Fig. I.— X*ray8 of chest, (s) Just before bilateral ofiphoreetomy and adrenalectomy, 
(b) A fortnight aftem'ards; to show the speed with which regression of metastases 
can occasionally take place {Brtt med. jf., 1956, ii, 627.) 


methods. The relief of pain from bony metastases, for example, is often so 
rapid and dramatic that it is difficult to believe that it is due to tumour 
regression. It seems that some tension within the affected bone has been 
released and the pain thereby instantaneously dispersed. In other cases it 
may take weeks to disappear. Ulcers heal, superficial metastases and 
cutaneous recurrences regress and it is by measuring this shrinkage that 
a numerical assessment of improvement is possible. The colour photographs 
in Luft and Olivecrona’s article of 1953 illustrate this point well. The 
reduction in size of a liver full of tumour is similarly available for measure- 
ment and indeed may be the most important facet of a case. 

Occasional cases have been reported (Clain and Hunt, 1956) in which 
cerebral metastases have resolved and the patient has regained consciousness 
and returned to normal life. Pulmonary metastases sometimes disappear, 
pleural effusions may dry up and respiratory distress may be relieved (fig. i). 
Pathological fractures often unite and paralysis due to spinal cord com- 
pression may completely recover. 

All patients who have had endocrine surgery require cortisone, 25 to 50 
mg. a day, for the rest of their lives. The dose must be increased during 
illness or following trauma, including surgical operations. Hypophysectomy 
has additional complications, such as myxoedema, which need appropriate 
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treatment. The temptation to give ccslrogcns.in any form must be resisted 
because of tlic risk of stirring up the dormant tumour. 

INDICATIONS rOR OPERATION 

From reports therefore we know tiiat a patient suffering from a meta* 
stasizing carcinoma of the breast has about a 50 per cent, chance of being 
relieved of her symptoms for a period varying between a few months and 
two or three years, if she undergoes one of these considerable operations. 
Everything should be done in the first place by local surgery and radiotherapy 
to postpone the day, because the relief obtained by endocrine surgery is 
limited in time. Androgens should always be given, particularly to the 
younger patients, and if the tumours respond to this treatment, the question 
of surgery should be further postponed. \Vhcn the time for endocrine surgery 
finally arrives, the decision to operate usually depends upon a consideration 
of the type and site of the mctastascs and the degree of symptoms from 
which the patient is suffering. Other matters, however, which must also be 
considered concern the patient, her home conditions, her relatives, her 
desires, her outlook on life and her feelings about her disease. 

It has been my experience that sometimes, ivhen a patient has been 
recorded as having made a successful recovery following androgen therapy, 
another following bilateral oophortetomy and adren.iIecton»y and possibly 
even a third following hypophysectomy, the situation in reality has been 
different. An impression that she has been snatched from the jaws of death 
on three separate occasions would be better expressed by saying that she 
has been permitted to suffer the agonies of dying three times over. This is 
not good treatment. It is an abuse of the powers that have been given us by 
the advance of modem scientific methods. We must only operate on those 
patients m whom the palliation may be judged worth while. If the patient 
is young, if prolongation of her life is genuinely desired by her husband or 
by her children, If her temporary presence is necessary to their future 
happiness or if the patient herself is intensely desirous of remaining vnth 
them and of being given a chance to lead a useful life for a little time longer, 
then, however ill she may be, endocrine surgery is justified, whatever the 
risks. It must be recognized therefore that it is not only the surgeon who 
can decide whether such surgery should be done. The general practitioner, 
the patient, her husband, her children or her other relatives should all be 
consulted or considered before this very serious treatment is undertaken. 
The patient’s cooperation is an asset and in most cases it is better that she 
should be fully a%varc of the state of her disease. The operation gives her 
hope and any improvement is welcomed and appreciated with gratitude. If 
she does not know that her condition is due to cancer, improvement, 
ho%vcver dramatic, will be no more than half appreciated, because too much 
will be expected and a grudge will be borne for not restoring normal health. 
This must not be taken as advocating that every patient should always be 
told the full truth. If they know it, so much the better. 
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INCREASE OF DEOXYRIBONUCLEIC ACID AND CELL NUMBER 
during MORPHOGENESIS OF THE EARLY CHICK EMBRYO 

' J B. SOLOMON " 

Laboratory of Animal Mifrphotogy, Vnuersity of SrusstU 


INTRODlTriON 

While deoxyribonucleic acid (DNA) has been measured m rt ijibad'. rl f.s> i ■ • 

irom eggs which had been incubated from S 2 hours r«> 20 .^ti’inir is K u- m 

about the rate of increase of DNA and (he doubling i 4 t*' ,f ci’JN in i/c "mh'Mifi’M 
theimportant embryogeneticperiodimmediately foDov «r. ‘orjnati in O’ ih- • 'n - 
tive streak. Hoff-Jorgensen^ measured the ONA m ni- ubat. I egC ' tin d ,i - 
fowl by a microbiological method and found that^^he DN'A contenr nr -he u':- 
did not increase until after the third day of incubation Tin-, ivork 1' nt. 1, 
the rapid rates of cell doubling and increase of DNA in embryo- ai d tin >. 1 > i 
bryonictissues between the fifstand third day ofnicubaiion The increa-f ’"DN ' , 
tent of chick blastoderms growing t/t ovo has also been measured to i-* rve a i > • 
for experiments on DNA synthesis by isolated chick blastodemis grfi\\ ri m • v 

MATERI.U. AND METHODS 

Embryos and their extra-embryonic membranes were removed /rom the e^g ard m* iiiili 
i^RtihedmorphologKaUybyreference to the developmental stageb of Hasiiltos AKDflAXfni.pc.Lr.' 
The periods of incubation quoted by these authors for each stage were then used as "corrected in- 


limb buds). In the stages of development before tbe (cn-somitc stage the blastoderm was rcmox’ed 

bryo was separated from its vascular area so that anaij'ses could be cAmed out on the embry-o and 
the x’oscular area separately This gave 3 fractions of (issue — "embrjo with vascular area", "cm- 
biyo". and "vascular area" (the area opaca in early stages) All tissues were stored at — jo®C. 
After weighing, the tissue fractions from (wo or more eggs were suspended In Ice-coJd r.o*i 


SLincl nu'dri detemined by eounlmn ta » ta-m«ylor.M-r, 1 or fret. drlrm.oAl.oo Ihr oorir. 
m 96 Urso -ore eooo.rf (olo.Hy »1»«1 ..ooo "or/nl A nuefro, oojrrco.oi ...r.n.. ... 

coontod a. one niieleu.- T)ie .tand.rd dcvulioir. rM^e.1 from y-Jo., 

• rte«„t oJJre.,; Che.ter IMiy H-'-J.-l' lo-rdol' Once. Ite-.rr.,: Ko..! 

Cancer Hospital. I'ulham Ho.id, London S".J 
liefer/ncet p. ip. 
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i-KCAat Uf and cell number 


A Jfethod of tissue extraction for DNA similar to tliat of Ocur and Rosen* was used. About 




3 % of the amount In the nuclei was found (withm the experimental error of the method). 

The deoxynbostf component of DNA was measured by reaction with indo/e using the method 
of CERiOTTi*.The volume of reagents used was one quarter of those used by Ceriotti, so that DNA 


RESULTS VND DISCUSSION 


Nuclei counts of embryos with and without their vascular areas arc plotted separately 
on a logarithmic scale against their corrected incubation times (Fig. i). The exponen- 
tial increase in cell number is then shown as a straight line. Results for the DNA con- 


tent per embryo on a logarithmic scale show a similar 
trend but a much greater scatter (Fig. a); if lines of the 
same slope as Fig. i are fitted to the results in Fig. 2, 
it is possible to demonstrate constancy of DNA per 
nnclt'us. In the embryos with their vascular areas, 




Fig. X The average number of Fig. * The deoxynbooacleic 
nuclei per embryo during em- acid content per embryo dunag 
bryogenesis Embryo (0—0). embrogenesis Embryo (0—0); 
Embryo and vascular area Embryo and vascular area 
(•-•). (+—+)• 


Fig. 3 . The average number of 
nuclei to the chick embryo 
(O— the vascular area 
{X — x), and yolk sac (A — ^ 
during embryogenesis. 0 
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during the 35-46 h incubation period is about 2.0 (calcuiated from the results of 
Hermann^). 

The rate of increase of RNA per embryo during the first three daj’S of incubation 
is slower than that of the increase in the average number of nuclei per embrj'o**; 
this can alternatively be expressed as a decrease of RNA per ceh. In Fig. 2 the de- 
crease of RNA in the early embryonic cell is compared \rith the decrease in protein 
and wet '^^■eight. While the decrease of RNA and net weight are similar, cell protein 
decreases more rapidly. 


mscossiox 

Recent evidence for the occurrence of DNA in the hen’s egg has been given by 
Fr.\enkel-Conrat €t al.^ who isolated a protein, aridin, from hen’s egg white and 
found that it contained DNA. Hoff-Jorcexsen* used a microbiological method for 
deoxynboside (after depojynierisaljon of DNA wth deoxyribonuclease) to determine 
DNA in the whole hen’s egg and found that the unincubated egg contained 118 
i 12 (ig DNA. This figure is somewhat lower than figures obtained in this work by 
the isotope dilution method wth perchloric acid extraction (362 fig) and the phenol 
method (179 fig DNA). Although Hoff-Jorgensen* found no increase in DNA 
content of the incubated hen’s egg until after the 3rd day of incubation, a considerable 
inaease in cell population is knou-n to occur in the egg during the first three days 
of incubation. At the third day of incubation, the chick embr>’0 and its vascular area 
(excluding outer periphery of yolk sac) contain at least 8o fi^ DNA**, and from 
Hoff-Jorcensen’s results it might be concluded that nucleic acids in the egg yolk 
or white were being utilised by the developing embryo. 

Fr.\enkel-Conrat el al.^ using the method of Sch.seider** found 30-45^5 
total nucleic acids per ml of egg white; this is roughly equivalent to 900-1350 /ig 
nucleic acid per egg white. Average figures for total nudeic add in egg white in this 
work are dose to this range (828 ftg by the perchloric add method and 2068 fig by 
the phenol method). As egg white is a secretion of the oviduct it is not surprising 
to find relatively large quantities of RNA present and the DNA may be derived from 
cell debns in the oviduct*®. 

Hotchkiss*^ has suggested that this “cj’topksmic DNA” may be a precursor 
form and is not necessarily genetically specific material It is possible that the DNA 
is present as a storage reserve*** to supply DNA for early embryological development 
until the embrj’o is capable of synthesismg its own DNA. The nudeic acids (or similar 
highly polymerised compounds) may be a convenient means of storing nucleic acid 
precursors, which could be obtained by degradation w’hen required by the embij'o. 
The possibility remains, however, that the nudeic adds in the egg are largely non- 
functional in early embryogenesis and it is only during later development that these 
nucleic acids are degraded and used by the embryo in the same manner as other yolk 
and white constituents. 

The content of acid-soluble pyrimidine and pjTrimidine nucleotides of unincubated 
hen’s yolk and wWte appears to bear some quantitative relation to the respective 
amounts of nudeic acid present. If these add-soluble materials are about to seive 
as precursors for nucleic add synthesis in the^ame way as suggested by SL^ia-v” 
for purine precursors, the low amounts of add-soluble pj-nmidinw might correspond 
to the slight requirement of the early blastoderm for such material. 
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the average amount of DNA per nucleus from the two graphs is i.O'io-* fig and 
remains constant throughout this period of development From individual determina- 
tions the average amount of DNA per nucleus is ± 0.5-10-^ fig. In the 

embryo, the average amqunt of DNA per nucleus from the graphs is only 6 2 • 10-’ fig 
and from four individual results is 7.5* 10-’ fig: both these sets of figures are within the 
limits of error due to the methods and biological variation. 

On a linear scale the average number of nuclei in the developing embryos follows 
an exponential curve (Fig. 3). However, the average number of nuclei in the vascular 
areas (obtained by difference between the two curves in Fig. i, together with four in- 
dividual results) also increases exponentially, as the area opaca becomes increasingly 
vascular, up to about 55 hour incubation time. After this time, the rate of increase of 
cell number of this mesodermal layer bounded by the sinus terminale decreases; then 
there is a rapid increase in the average number of cells of endoderm (calculated from 
DNA results) which is spreading round the yolk to form the yolk sac 

As the. number of cells has been determined in embryonic and extra-embryonic 
tissues during the 20-55 incubation period, it is interesting to compare the varia- 
tion in the rate of doubling of cells from fertilisation using the data of Olsen* for the 
cleavage stages (one to 256 cells). The instantaneous rate of increase in cell number 
{k) is calculated according to the formula of Brody* and the doubling time (Z^) is 
then obtained from « log« a/A, After the first cleavage, which according to Olsi- n 
takes place about 5 hours after fertilisation, the doubling rates are between 0 8 and i 0 
hour up to the asfi-cell stage. The average time of doubling from 256 cells to 2 10* cell* 
(primitive streak stage) is 2.3 hours and this increases to 8.9 hours during embrj’o 
genesis (Fig. 4). The average doubling rate for cells of the embryo, without its exttu- 
embryonic membranes, from the definitive streak stage to soon after limb bud forma- 
tion (70 hour incubation) is 6.2 hours. ‘ 

The DNA content per wet weight of the embryo increases during the 36-70 hour 


incubation period from 40 to 175 fig 
DNA per 100 mg wet weight ; this means 
that in the early chick embryo the wet 
weight per cell is decreasing during em- 
biyogenesis (Fig. 5). In the vascular area 



Fig 4 Compamon of doubling rates of ccHs 
dunng cleavage of the hen's egg and ear y 
morphogenesis of the chick embryo /* » ra e 
of doubling io an hour. 
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In hen’s egg white, there is over ten times more RNA than DNA (by the phenol 
method); but in the yolk there is only three times more RNA than DNA AVhen the 
results obtained by perchloric acid e.vtraction are compared, no such differences in 
RNA and DNA content of the hen’s egg are observ'ed 

The RNA/DNA ratios of the lo somite embryo (4) and blastoderm (8j are some- 
what higher than the ratios found in most tissues of the chick embryo during later 
developmental stages*^ This is in accord xnth the findings of C vspersso.n and 
Bracket^*®’ that nucleic acids are abundant in cells W’hich are rapidly sjnthcsising 
protein. 

Previously reported values for amounts of DNA per nucleus for fowl tissues and 
erythrocytes are within the range Nowinski ^nd Vishok’® 

using the Dische reaction, obtained values as high as 8.2*io"‘/ig DNA per niicletii 
in the wngs and legs of chick embryos. Kurnick^* measured DN .4 bv reaction with 
methyl green in fowl erythrocytes and reported low values 01' DNA per niicJeu. 
(i.6-i.8*iO“* fig]. Results obtained using the thymine method for DNA show a wid 
scatter between I.O'IO"® and 2.i'X0~*#ig DNA per nu-Ieu* in embrvos but thO't 
for blastoderms (Table III) are in reasonable agreement with those obtaired b’ 
KuRNICK^h 

The rapid rate of cell division during embrj’ogenesis of the chick may w tj 1 
the dominant factor in its metabolism The rates of increase of wet weight and prof )‘i 
arc not sufficient to keep up with cell division and DNA s^mthosis. Cfns«,(ii.-titl' 
there is an apparent loss of w'et weight and protein per embiyonic cell fl 's stj’- 
only exists for the first' three or four days of incubation after which the m-taiu oict ’ 
rate of increase of DNA becomes less (from results of Novikoff .vnp l*or 1 an i 
the cell protein and wet weight slowly increase during later stag<« of vnu 
ation**.« 

The various opinions on the relationship betw'cen cell division and difierrmu' 
in embryonic development have been admirably summarised by Huciii u 
probable that the metabolism of the early chick embryo is geared to mamtain a lugh 
rate of cell division even at the expense of some of the cell constituents. During this 
period, the fundamental embryonic structures are formed and it is only when cell 
division slows dow'n that the embrj’onic cell is able to elaborate its metabolism to 
promote functional differentiation. 
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IKCREASE OF DNA AND CELL NUMBER 


the ratio DNA/u-et weight remains constant during the 30 t07o hour incubation period. 

Measurements of the protein content of embryos by the tyrosine method (using 
egg albumen as standard protein) showed the same rate of increase in protein for this 
' period of development as those for protein nitrogen*; the protein per cell during this 
period showed a steady decrease until after 60 hour incubation time (Fig, 5), Levy and 
Palsier*® found that there n-as a decrease of protein nitrogen per wet weight during the 
first four days of development of the chick embryo; the same relationship is seen 
in Fig. 5 The DNA* and protein nitrogen* results for embryos after the period of 
development studied m this work indicate that the protein per cell decreases less 
rapidly after three days, and after five days incubation time the protein per cell re- 
mains constant and then increases during later development. So that a characteristic 
of embryogenesis appears to be a \'ery rapid increase in cell number accompanied by 
a loss of cell protcip and to a lesser extent of cell wet weight. After embryogenesis, the 
rate of cell division gradually decreases and the steady rate of increase of protein nitro- 
gen per embryo eventually becomesan increase of protein per cell; this latter process 
is the expected characteristic of later differentiation processes of embryonic cells**. 

The DNA required for the rapid rate of cell division in early chick embryos may 
be obtained by direct incorporation of DNA from the egg yolk or albumen. This would 
explain the unchanged DNA content (118 ± 12 /ig) of the whole egg during the first 
three days incubation as found by Hoff-Jorcense.n*. .Measurements of the average 
DNA content of egg yolk and albumen during the period from laying to 72 hour in- 
cubation with the corrected Ceriotti method showed that there is about 400 /ig DNA 
m the yolk and 460 /ig in the albumen of each egg. Some of this DNA may be utilized 
by the embryos dunng early embryogenesis, but early chick embryos may also be 
capable of synthesising their own supply of DNA for their rapid cell division ; this latter 
process is now being investigated by experiments f« riVro, 


I wish to thank Mrs K A. Solomon for valuable assistance wth this work, Dr. R. 
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SUMMARY 

The rates of cell doubbng and increase of deoxynbonoclejc aad in chick embryos and their extra- 
embryonjc tissues have been studied between the first and thud day of incubation. Dunng this 
period embryogenesis appears to be characterized by a rapid increase in cell number accompanied 
by 3 loss of cell protein and, to a lesser extent, of cell wet weight 
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SUMMARY , 

The nucleic acid content of hen’s egg white and yolk has been measured by isotope dilution 
methods using perchloric acid extraction and phenol partition techniques. The origm and possible 
physiological function of the nucleic acids is discussed. 

Xucleic acids have been measured by colonmetnc and isotope dilution methods in blasto- 
derms and chick embr>-os up to the third day of incubation. A dominant factor m embryogenesis 
of the chick appears to be a high rate of cell division and accumulation of DNA. which is greater 
than that of RNA and protein accumulation and increase of wet weight 
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Nuclefc acid content of the egg of the domestic fowl 

Early work on nucleic acids in nnincubated eggs has been discussed by Bs.eireri and recent 
™ ““'i (pNA) in eggs has been reneued by Hotchkiss’ Kccently 

DNA has been measured in the whole hen s egg* and Fraenkel-Conrat el al * holatcd a- idin 
a protein of hens white and found that it contained DNA Further quantitative evtlence 

Unincubated egg yolk and white (from Rhode Island Red hens) from 6-io cgcs V b- t- s-na 
rately homogetiued m water with a Wanng blendor free nucleotides were remov'ed (hU- 
nomogenates by precipitation of protein with perch/onc acid (o2.t/ at o” C) and afu-i re-iov-'I 
of Jipid with ethanol and ether, nucleic acids were extracted with i o.\T perchlonc ac-d at 70* C 
for I hour. The method of Kirby*-* for obtaining nucleic acid extracts was also used -.odiuin 

-I *. ./ t ■‘-Qj- yuiif and the mix'iire 

for I hour After centnfu 
• /or 2 dajs at 0° C (after 
s were renmv-ed .mu the 

KNA in these extracts was measured by an isotope dilution njethod hr uracil’, a-.i I a'-* 
by the same method for thymine*. RNA was also determined bv the orcino’ Tfihod' dterri*i’iv\ 
of free hexoses’*, and DNA by reaction of indole with the deoxyrjbosc coim or- m •* with a :i 
wction for absorption at 520 m^>*; oeithtrof these colonmetiic methods prou'iii ed hj,hle ruvu', . 
m extracts of egg yolk or white. Previously reported** amounts of PN.\ m eg.'' v ■ Ik and wh rr 
based on the latter colour reaction are probably erroneous owjig to colour cmijri.raiiur' 


pyiiniidifle was then purified fay running the whole digest on at least lour '•ucffs’-r j.' 
fflatograms**. By comparison of the initial and final specific activities [counts pr- 1 
the pynnudine, the amount of pyrimidine present m the extract was detcimi" c 
based on nucleic acid preparations obtained from rat liver by the method or 
content of the RNA was 6 3 % and the thymine content of the DNA was 10 ^ ‘’r 1 1 1: 
ultraviolet absorption errors were expenmentally determined and are expressed ev c 
of variation in Tables I and JI, 


TABLE I 

“acid-soluble" uracil and THVJIINE 
derivatives in egg white and yolk 


Vraeil Thymine 

(ns per while ffif feruhile 
eryelh} eryoth) 


'Vhite 460 ±55 19 ± 4 

Yolk 13 ± s 6 6 ± 0.3 


TABLE ir 


NUCLEIC ACIDS IN ECO WHITE AND YOLK 



g\’4 

(lie pemhlle 
eryelh) 

(ligt^ahue 
or ya/hj 

YoUc 

Perefdone acid extraction 

68 -X n 

J2 ± 6 

Phenol partition 

tU i 14 

57 ± 7 

39 i 2 

^^'blte 

Perchloric acid extraction 

5*0 i 33 

30S i 16 

Phenol partition 

2260 ± 100 

07 ±30 


’595 ± 50 

’4* ±5 


The amounts of •'acid-soluble" uracil and Uiymiae derivatives are given in Table J; as the 
acid-soluble extract was digested with 70% (w/v) perchlonc ocid. these figures represent total 
free pynmidine and pynmidine nucJeoltde material The nucleic acid content of egg white and 
yolk is given in Table IL The RNA content of the white is very' much greater than that of the 
yolk, aod tho pbcool partition BlolhovI to .Koro K^bA thao tbo j^rehlom 

mtlhod. Pctohlotic ao.d oppoitJ to eivo « bolttr OKtrattran o( D.NA than lb. phtnol motl.od 
. , . . - . . "■ •-* wastiing of the phenol layer The ratio of amounts of 

Jed the phenol method) to amounts of the respective 
. ' *. , ■ i 15 apptoxinutely constant {6 3). 
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SYNTHESIS OF NUCLEIC ACIDS BY CHICK BLASTODERMS 
GROWN ON SYNTHETIC MEDIUM 

J. B SOLOMON 

Lahorai&ry of Animal Morphology, UniuersUy of Brusseh (Be/imm) and 
Chesler Beaily Research Jusittuie. Jnsiiiuie of Saacer Research. Royal Cancer Hospual 
London [Englanii* 


Hoff-Jorgensen^ found that there is a constant level of deoxvnbornicie ic acv' T '\ \ 
in the \vhQle hen’s egg during the first three days of incubation Ho.'ever, ( 
this period considerable cell division and morphogenesis of the rapidiy gru'» ' . 
blastoderm occur, and this is accompanied by a rapid rate of increase of nbor.ucL’t'w 
add (RNA) and DNA*. The hen’s egg yolk and white has recently been found to 
contain relatively large amounts of DNA®, compared with the requirements of tiie 
early embryo. Hoff-Joroensen‘s results may thus indicate that the developing 
blastoderm is obtaining DN A from the egg while and yolk. However, it is also possible 
that the chick blastoderm can synthesise its own supply of DNA during embryo* 
genesis, SpR.\Tr*’® has shown that the explanted chick blastoderm mil undergo 
morphogenesis when grown on synthetic medium containing glucose as the sole carbon 
source. This technique has been used in this work to demonstrate that the explanted 
blastoderm is capable of synthesising RNA and DNA during embryogenesis. 


The technique for growing blastoderms tn vitro is the same as that used by Sphati*** The culture 
medium consisted of 34 ml chick Rioger solution (sodium chJonde 0.9 g. potaMium chlottde 


Ringer, glucose, phenol red solution and agar were pooled, ana aiiei ueuu^wuoii i-nii 
bicarbonate, were autoclaved with the phosphate buffer section 
buffer solutions were then added and tbe medium pipetted (2 ml 

which were placed in Petri disbes containing stente pads 0/ moistened cotton wool and allowed 
to cool to 38® C. All glass apparatus was stcnlwed in the autoeJare for ao am and dissectirg 

instruments were dr^••stenhsed /or 4 h at ISO* C _ .. .1 


• 80-36 hours, 
lovcd and the 
Blaslculerms 
eckctaL The 
i8-a6 hours, 
according to 


chloric acid method previously desenbrd*. Ibe aveiage i.m**- 
* Present address. 
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As egg white is a secretion of the oviduct, it is not surprising to find large quantities of RNA 
present and the DNA may be derived from cell debns in the oviduct. The amount of "cytopiasmic 
DNA” in the yolk represents a great excess over nuclear PNA in the early blastoderm as even 
after 34 h incubation a blastoderm contains only about 3 /ig PN'A**. 

It IS possible that this "cytoplasmic DNA" and RNA (or similar highly polymeric compounds) 
are a convenient means of forming a storage reserve of nucleic acid precursors which could be 
obtained by degradation when required by the embryo. 
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determined by ‘ 
measured by the on * 

alkali'®, and by an i 
with dcoxyribose" z 
were modified so thj 
determinations in th ^ .. 

the method o( Sotherlano el 


ju«At==i 1 /«g uNa). l\ote\n was determined by 


RESULTS AND DISCUSSION 

Five groups of blastoderms (batches 1-5). in which the notochord tvas just \isible 
(Hamilto.v and Hamdurger's stage 5), were cxplanted on glucose medium and 
incubated at 38“ C for 18 or 26 hours. The increase in amounts of RNA, DNA and 
protein per blastoderm during this period are shown in Table I. It can be seen that 
there is no correlation between the time ol incubation i» vitro and the extent of 
morphogenesis (as shown by the average number of somite pairs tn each batch) and 
morphogenesis is usually slouer than normal {cf. Waddington** and Spratt*). The 
amounts of RNA, DNA and protein in the blastoderm after incubation i» vifro are 
compared with amounts previously found in blastoderms grown f« ovo after the same 
incubation period. The amounts of DNA in blastoderms grown in vitro are generally 

TABLE I 

MUCZ.B1C ACID SYNTHESIS BY aO-IIOUR DIASTOOBRUS CROWN ON Ct.UCOSE MEDIA 

OaltM So, t * j 4 f 


No. of blastod«rfi>s 2 

IDuratioa of incubattOQ time iR vfiro (hi i6 

Average so of somite pairs after growth 6 

tn Vitro 

Average so. of somite pairs after growth 

in ovo (controb) |6 

DNA 

fig per blastoderm gro'vn in vtiro 

(by deoxi-tibose) 10.6 

(by thymine) — 

pg per blastoderm growm irt cro (controb) 17.6 

% controb ^ 

;ig synthesised per blastoderm 7 5 

Average no. of cells per blastoderm x lo® — 


RNA 

ue per blastoderm grown in vttro 

(by obose) 117 

(by uracil) 107 

fig per blastoderm grown in ovo (controb) 102 

% Control ‘J® 

synthesised per blastoderm 

Protein 

(ig per blastoderm grown in utlfo x 10* 5-a 

Mg per blastoderm grown in ovo 

(controls) x xo* 24 

% Control 


' control i« ovo 
References p 73- 


4 7 

30 36 

7 io 


i6 i6 


8.7 9-4 


18.7 

47 

5-3 


X7.6 

55 

6.0 


75 

7* 

108 

68 

46 


79 

53 


4 7 S-7 


a6 24 

18 3^ 


4 3 

36 18 

II X 3 

16 tt 


7-7 50 


X8.7 

41 

4-3 


36 

3.2 

(7'2) 


60 42 

loS 6r 

36 68 

3t »7 


4-9 6 6 

26 XI 

19 60 
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NUCLEIC ACID CONTENT OF EARLY CHICK EMBRYOS 
AND THE HEN'S EGG 

J B SOLO:«ON 

taboralory of Ammal Morphi^ogv, Uiuvemty of Brusscis {Belgium) avd 
Chester Beatty Research I»sUttite, JvsMule of Cancer Research. Royal Cancer Hopn u 
Londop {England)' 


Early literature on nucleic acids in chick embryos and the hen’s egg Im-- hi'i n rt’si 'vi* i 
by Needham^ and Bracket*. The nucleicacid content of developing cjiick en Ik \ ' 
(from the second to twentieth day of incubation) has been measured b\ Nc ' m nj ^ 
AND Potter*; Reddy. Lombardo and Cerecedo^ made similar measurem- ’V ■=; ^ : 

the latter half of this period of development. Herm.vnn, Schneider, Ni . • 
Moore® have measured the increase in nucleic acid content of the developing '■■i n > , 
of early chick embryos and found that protein nitrogen and nudcic acid*- ticrumn! ti- < 
at a similar rate, but that the mcrcasein wet weight was more rapid 
SEN® determined the amount of deoxyribonucleic acid (DNA) in the whole hon s f.v 
and found that no increase of DNA occurred until after 3 days incubation of th< eeg 
This constant level of DNA in the whole egg during the first three days of devclopnn iif 
is remarkable since embryogenesis and considerable cell division are known to occur 
in the egg during this period. 

The nucleic aad content of the unincubated ben's egg, blastoderms and embryos 
dunng the first three days of incubation has been measured in this work by con- 
ventional colorimetric methods and by highly specific isotope dilution methods for 
uracil (RNA) and thymine (DNA). The growth curves obtained serve as a control 
for experiments on nucleic acid synthesis by isolated blastoderms’ and reveal certain 
charactenstics of the average embr)^nic cell during embryogenesis 


MATERIALS AND SlCTIlODS 

Ribonucleic acid (RNA) and DNA w-ere prepared from lt%cfa of the rat (August strain) by the 
methods of Kirby*'* Utacil-3'*«c (Californian Research Foundation, specific acUwty i mc/minoJe) 
and thymme-jA'C (Isotope Specialities Co . specific activity o 3 mc/mmole, Californian Research 
Foundation, specific activity i mc/mmole) were used «> the isotope dilution methods. 

TJnmcubated eggs (6-10} %scre divided into egg white and yollt fractions, othere were incu- 
bated at 37° for varying penods up to 3 days Embryosand extra-cmbr^-onic tissues were separated 
from the egg yolk, placed in ice-cold isotooic saline and their morphological development classified 
according to the development stages proposed by Hamovrckr akd HauitTO.'s'* The ascrage 
incubation time quoted by these authors for each stage was used so that morphological develop 
ment is expressed as “corrected incubation ttmc‘* Blastoderms were removed whole until the 
lo-somitc staec: m later stages of development, the opaque area was dissected around the j^ri- 
phety „t the vascular area (siaus terminal.) and then the cmlit)-. wa. rcmo.ei) by 
o( the nelloail area ne three tissue Praclnno Ihos nbtaincd nyre respecti.ely Ma.tmlerm . 
"sascnlar area" and "embryo". All tisanes were stored at — so C. 


* Present address. 
Rtfereneet p. 39J. 
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lower than those grow-n in wo (41-60%} but there is a definite synthesjs 0/ : ■>' ^ 
in vtiro as shown by the increased amounts of DNA per blastoderm (3.2-7.5 Mg' a 
those of the explanted blastoderm*. Blastoderms (ao h) growong on glucose mr''. ■ 
synthesise comparatively large amounts of RNA {17-84 fig per blastoderm' •/, ■, 
are generally slightly less than the amounts produced by blastoderms growr 
(56-110% of normal). However, the amounts of protein synthesised appfi’ ' 
small (18-60% of normal), which implies that a redistribution of protein mrh 
blastoderm is taking place so that embryogenesis may proceed. 

Nucleic add synthesis in later stages of embryogenesis was studied ^.r ■ , 
blastoderms with 5-10 somite pairs on glucose medium for 20 h (Tablf* 11 ’ ■ 
this period of incubation, morphogenesis proceeded nearly as rapidly i' 

(except for batch 6), As would be expected, the amounts of DNA synthesi'i ■ 

(6.9-18 pg per blastoderm) are greater than when starting wth 20-hour b 
and the amounts per blastoderm are correspondingly higher (48'-i2i'’o 01 ^ ' 

However, the amounts of RNA synthesised are lower (except for batch b) than 'j • 
the earlier stages of embryogenesis. 

TABLE H 

Nucleic acid synthesis by 5-10 soiiixs biastodbsms obown os oivcoss xson roft so Hoifus 
B-thlt Nv. i 1 t 9 10 


No ot blastedersis 3 

Average no of somite pairs after growth *3 

vtIro 

Average no. of somite pairs after growth 

in ovo (controb) 26 

DNA ' 

fig per blastoderm grown tn vtlro 

(by deoxynbose) 15-3 

(by thymine) — 

fig per blAstoderm grown in ovo (totitiob) 

% control 59 

/«g SiTitfaesised pet fatastoderm * 3 

Average no. of ceUs per blastoderm X 10* — 


19 19 

30 >7 


5 * 

30 iz 

17 30 


*3 


yt 
7* 
14 5 


83 167 

— at 3 

rS 8 t8.S 

1:2 lOi 



134 

S* 

48 

tZ 4 
(26 oj 


RNA 

us ner blastoderm grmrn in vUra 

{by ribose) 8* 

(by uracii) — 

fig per blastoderm grown »« opo (controls) 140 
% control . 8 

/ig synibesiscd per blastoderm 3* 


164 42 70 

— 63 33 

109 109 163 

150 49 39 

J 34 I4 is 


* control 


Ot'O 


In IKree batches, the average aumVr of nuclear btelodemi .«« detem.ncd 
■ ana m each ea-« was Ipand to be below normal. The average amounl, of DN A ^r 
nucleus were o,S-ro-. r.J-ro-* and J a-ro-,.K m batches 5. 9 and . 0 , 
this .s near tlic range found for blastoderms growing m m o (i,. ■ 10 - r.S • .0 ,,g 

r"nA/DN A ratios of blastoilerms grown in wtm can be eomp-ircl wilh falo« 
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in dis 

Rosen“ was used. All preliminarj’ extractioos were made at 4“ C. The homogenate was brought 
, to 0.2 M perchloric acid and stirred for ij min; the suspension was centrifuged and the deposit 
extracted again for 5 min with 0.2 M perchloric acid. This extract is termed "acid-soIuble fraction" 
and only such extracts from egg yolk and white were retained. Lipid material was removed 
from the deposit obtained after centrifugation by similar extraction with ethanol (twice), three 
cthanol-ether (1:2) extractions and the solid was then dried. In early experiments, the RNA 
was obtained from this powder by extraction ovemight with i.oM perchloric acid (i ml/o 5 mg 
powder) followed by two similar extractions for 15 min. However this procedure usually failed 
to remove all of the RNA. which then appeared in the DNA fraction (three extractions with 
i.oflf perchloric acid at 70® for 20 min). Accordingly, RNA determinations were made on the 
pooled RNA and DNA fractions and. in the case of egg white and yolk, the RNA extraction 
step was eliminated and RNA and DNA determinations made on the final hot perchloric acid 
extract , 

Kirby* has extracted RNA from various mammalian tissues by removing protein and DNA 
with phenol This method has been modified (Kirby*) so that RNA and DNA remain in the 
aqueous layer, and has been used in this work to extract RNA and DNA from egg yolk and 
white The homogenate of egg yolk (or white) was made to 6 % (w/v) with respect to sodium 
p-aminosahcylate. which was dissolved by stimng for 15 min at 4® C. An equal volume of 90% 
(w/v) aqueous phenol solutions was then added and the mixture stirred vigorously for r h at 
room temperature The mixture obtained from egg yolk was centrifuged on a Spinco centnfuge 
at 20,000 r.p m. for x h at o® C. when it separated into three layers The lowest layer consisted 
of phenol and protein, (there was an interpbase of insoluble protein between the pbenol and 
aqueous layers), then an aqueous layer containing RNA and DNA. and a yellow upper layer 
containing Iipid. The lipid and aqueous layers were removed by suction and the residue extracted 
with an equal volume of water and again centrifuged. The combined aqueous and lipid layers 
were then extracted three times with ether to remove Ijpid and the residual ether removed by 
blowing nitrogen through the aqueous layer. When this procedure was applied to egg white, 
centrifugation at a.ooo r p m for t h at o® on an International centnfuge was sufficient to separate 
the phenol and aqueous layers and no ether extraction was necessary- The extracts were then 
dialled against distilled water (so vols) to remove sodium p*anuBO$alicylate and nucleotides 
of low molecular weight. After three changes of water (during 2 days) the contents of the dialysis 
bag were colourless. 

Nucleic acids were measured by estimation of the uracil content of RNA extracts and the 

.. . tvnlitARSKAK>* 

4 , . « .. 44 . • nucleotides 

. • . • ’ » of nucleic 

» . • • ' • i to dry-ness 

under reduced pressure and suspended m 70% perchloric acid (0.5 ml). 'Ihe nucleic adds were 
.1 „ j 44., 1/4. . *. «♦ *«o®C Nucleic acids (about i mg) obtained 

. ' , . - • • • . treatment has been shown to give a maxi- 

ylosine to uracil**'**. A known amount of 
■ . • • which was shaken thoroughly and allowed 

toVool for t h The perchloric acid was then precipitated as its potassium salt (the solution was 
kept slightly acid) and the insoluble salt spun down The supernatant solution was concentrated 
under reduced pressure to o 5-t .0 ml for application to a paper chromato^m. This precipitati^ 


The whole supernatant from the digest was applied m a uaiiu ciu; on a 
of matman No. i paper (4 cm wide at the bottom and 

The chromatogram was developed overnight usmg n-butanol-o.iN NH, (7.1) , aft r 
were dry. the bases were detected by ultraviolet absorption** and the radioactive py 
was located by scanning the chromatograin for 2ct2K 

matogram was cut out and eluted by applying drops ol 0.1 NJICI to the top of the rectangle 


THCl 

ption 


ution 

using 
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of blastoderms grown in ovo based on incubation time and on the extent of morpho- 
pnesis {Table III). Slightly higher values for blastoderms groum in vitro are found 
in batches r-5 m relation to either time or morphogenesis; the values in batches 6 
and 10 are similar to the normal values, but in batches 8 and 9 they differ from 
the normal. 

It has thus been shown that the chick blastoderm can 53'nthesise its own nucleic 
adds to enable embryogenesis to proceed in vitro. Under normal conditions, in the 
egg, the blastoderm probably ingests precursors of nucleic acids from the yolk, as 
has been shown by the incorporation of radioactive formate’^ and thymidine” by 
chick embryos during later stages of development. It has been suggested*- ’ that the 
nucleic acids present in the yblJc form a storage reserve of these precursors, wluch 
are kept in the form of nucleic acids until degraded by enzymes in the yolk. 


TABLE III 


RNA/DKA RATIOS op blasiopcrms GRO^vN m vitro 


RSAtDNA 

Batek Se. 


taitJen 
uugbalum hmt 

batfH 0* ‘‘correOid 
iiuiiMion limt" 


11.0 

58 

8-3 


87 

5.8 

7* 

3 

87 

5-8 

69 


78 

58 

68 

5 

84 

69 

65 


54 

5-4 

6-5 


70 

5-8 

5-7 

9 

*•5 

5-8 

57 

10 

45 

51 

5 8 
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SUMMARY 

The synthesis of RNA and DNA by explanted chick blastoderms grown on a synthetic medium 
containing glucose as the sole carbon source has been demonstrated. , 
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3 restricted light psth on the Unicam S.P 500. Blank chromatograms %vere run in the same tank 
as the unknown; four rectangles of paper of similar size to that containing the p\Timidme were 
each eluted in the same manner with o lA’ HCI and then pooled to give the blank solution. 
The variation in absorption of the paper blanks was calculated irom the absorption i-afues at 
250, 260. 2S0 and 30Q m/I nsmg o 1 AT HCI as a Wank After subtraction of the absorption at 
300 ntfi the absorption \'alucs for the other wavelengths were plotted against the absorption 
at 300 m/i (the absorption at 300 m/i increased as the weight of paper eluted) The root mean 
square value for delation of optical density Irom a sight-fitted curve of 36 observations for each 
wavelength (250. 260 and 280 m//) was equivalent to ± o 06 //g pjTjmidine The purity of the 

pynmidines r ' ’ « •» - r , • e- .v . . j 

280/260 (urai I 

from f max. ■ 

Aliquots 

grease pencil o'. 

at least 10,000 counts were registered by a thin end-window counter for each sample (u^ualh 
about 200 times the background). Counting errors tvluch were experimentally determined aivi 
included plating variations, instrumental fluctuations, etc., were about sia times the taJculaie-* 
standard deviation. 

To calculate the pjmmidine content of a sample the initial specific activity (tonnes 1 ‘ 
min/fig) of the pyrimidine was compared with the final specific activity m the ff!lo«'ing fo 


Sa^S'{a+i) 



where b ■» //g thymine (or uracil) in extract, a » /tg thyminc-sAtc added, S » soet it., . i 
of the added thymine-2-“C and 5 ' * specific actmt) of the final dii'ited th”ii ni 
total error (ultraviolet absorption and counting) for S’ was the root mean square 'aim 
two errors, and the error on b was the root mean square value of the two errors ci am • < 

uracil or thymine content of rat liver RNA and PNA was then used to relate i'-\ ; \r .1 < 

Content of extracts to nucleic acid content 

Colormeiric methods 

Aliquots of perchloric acid extracts of RNA were neutralised and interfering huAcse tor »j i" 
removed by hydrolysis to o iJlf NaOH at 100® for 15 rnm*h RNA was then drtermtued <•» r** 
orcinol method*^ using reduced amounts of reagent so that the final volume of the woanu 1 al ' 
extract was only 1 ml. Values for DNA content of blastoderms and embryos determinv l b 
a modified indole method" based on frog testicle PNA have previously been reported** N\hcri 
RNa was present 10 extracts of DNA a correction was applied to deoxynbose determiuatiyns 
(10 /<g RNA ^ I fig DNA). For comparison with the thyrame isotope dilution method these 
• •• • “• * — '■■i with nucleic 

. .•S' ■' ■ sma albuTom 

. •• ■ dard protein. 


Nucleic acids in the unincubated hen's egg 

The -acid-soluble” fraction of homogenates of cgs ivhitc and yolk contained only 
smaU amounts of free thymine or thymine nnctcotfde fTable 1). Althoueh there is 
hltle uracil nucleotide in the yolk, there are comparatively larfie amounts of free 

uracil or uracil nucleotides in egg white. _ - m t-i tt -n . i? v \ 

The nucleic acid content of egg white and j-olk is given in Table II. Tlie RNA 
content of the white is considerably greater than that of the yolk is more 

RNA than DNA in both white and yolk. The phenol 

give a better e' . ' ■ ■■'■■■■ '■ _ ^ -amounts 

pronounced in ' • • ' . . ... . . • % ii 

of DNA appear to be extracted by pcrahlonc acin lie ■ elt.ct 

^elirences p. ior. 
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TABLE I 

“aCIP-SOLUBLE” uracil and TNVHmE DERIVATIVES IN ECO WHITE AND YOLK 



Cratd 

Tkymtnt 


(ptPtrmktIecryM) (Mgpfrwhtitofyolk) 

mite 

460 ±55 

19 ±4 

Yolk 

*5 ± » 

66 ±03 


TABLE II 


NUCLEIC ACIDS IN ECC WHITE AND YOLK 



KXA 

(Pt pdT trkOd or yelk) 

DXA 

ffsg per lekile or yelk) 

Yolk 

Perchloric acid extraction 

68 ± X4 

52 ±6 

57 ±7 

Phenol partition 

114 ± U 

39 ± 2 

mite 

Perchloric acid extraction 

520 ± 33 

308 ± 16 , 

Phenol partition 

2260 ± too 

*37 ± 30 


*595 ± 50 

*42 ±5 


more marked in the case of egg white than that of yolk. One explanation of the lower 
amounts of DNA obtained by the phenol method may be that more washing of the 
phenol layer with water is necessary to obtain similar extraction efBciency to that 
of perchloric acid. Alternatively, not all the DNA may be released from the egg 
proteins by treatment with ^-aminosalicylate in the phenol method. 

The ratio of amounts of nucleic acid in egg white and yolk (obtained by the 
phenol partition method) to amounts of the respective pyrimidine in the "acid- 
soluble" fraction is approximately constant (6.5)- 


Nucleic acids tn the developing blastoderm and early chick embryo 
The RNA content of blastoderms and developing embryos determined by the orcinol 
and uracU isotope dUution method daring the first three days of incubation are shown 
in Fig. J. It can be seen that both methods give reasonable agreement, and the 
increase in RNA conforms to a logarithmic growth curve. There is a more rapid 
Synthesis of RNA in the embryo than in the developing blastodeim (embryo + 


Results obtained by colonmelric estimation of DNA“ have been rriated to rat 
Uver DNA (there was little apparent diHerence between analytical data on UNA 
obtained from either frog testicles or rat liver) and the results obtained by the deoxy- 
ribose and thymine methods are compared in Table ID. The results 
agreement allowing for the error on each method; the thymine x==nl‘s me i^ally 
sHghUy higher than those obtained by the deoxynbose method A previously reported 
value for fhe amount of DNA per niidens (based on deox^bose measnremen s^n 
early chick embryos" was l.i ■ 10-* pg. standard deviation ±05- to BS. ‘he av g 
values for DNA per nucleus based on the thymine measurements am highj In 
embryos, the amounts of DNA per nodens are withm the range 1.0-2.1 and 
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HYPOPHYSECTOMY AND ADRENALECTOMY 


■Which method is then adopted — bilateral adrenalectomy and oophor- 
ectomy or hypophysectomy — depends largely upon the facilities at hand. 
There are not a great many cranial surgeons and if every case of meta- 
stasizing carcinoma of the breast was referred to them, they would find it 
impossible to manage them all, however hard and however fast they operated 
and to the exclusion of all other work. Bilateral oophorectomy and adrenal- 
ectomy, however, can be done by competent general surgeons who can soon 
learn the precise technique which will yield results very nearly as good, 
and possibly as good, as those obtained by hypophysectomy. Sudden 
urgency of operation sometimes develops, especially with cranial, pulmonarj’ 
and hepatic metastases. Delay from reference to a cranial surgeon’s unit 
might be fatal, let alone the danger from time lost if the cranial surgeon 
considered the patient unsuitable for hypophysectomy, as well he might if 
she were in coryiii- 

Essential indications for hypophysectomy are failed adrenalectomy or 
even the return of symptoms after relief by adrenalectomy. In these circum- 
stances it is the only operation giving any prospect of improvement at all. 
Similarly, it is the operation which must be done when the tumour has 
progressed so far superficially or internally that exposure and removal of 
the adrenals or ovaries is impossible. 

Lastly, the purpose of cancer surgery is to cure the early case. If a woman 
is admitted for radical mastectomy and finds herself in the company of 
garrulous and embittered hypophysectomized and adrenalectomizcd females, 
she may well, and with some justification, tvalk out and refuse all treatment. 
The organization of the wzrd must bear this aspect of the problem in mind 
and not allow the faith and hope of the early cases to be jeopardized by the 
example of bad results in the late. 
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ilALIGNANT CELLS 
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Re,<'EST Work UaR wiggiistM that loss of antigcivs occurs iu some forms of 
neoplasia (Weiler, lllSG) and, according to one theory (Green, 1054), may even 
he the essential mechani.sm by winch malignant transformation is brought about. 

It seems pertinent, therefore, to outline as far as possible the frequency ami 
extent of this change. For this puiTiose the A and B “ blood group " antigens 
as possessed by the human urinary tract epithelium form a useful system. 

The cells, both normal and neoplastic, can be easily grouped by the mixed 
erythrocyte epithelial cell agglutination test — hereafter referred to ns the MCA 
test—of Coombs, Bedford and Ronillard (1050) without interference from mucus, 
keratin or stroma , and there occurs in the bladder a scries of tumours ranging 
from the benign to the highly malignant. 

T\senty-five tumours in patients of groups A, li and AB have been studied by 
the .MCA test reinforced in five cases by a simple antibody inhibition technique. 

METHODS 

tlpithclial cells unmixed with other tissues can be olitained from the bladder, 
ureter or renal pelvis by the simple expedient of scraping. The cells so removed are 
mixed in Tyrode’s solution with the aid of a syringe and wide bore needle until 
all the clumps are broken up In the case of tumours it may be possible to t^crape 
enough cells off the surface . or the most peripheral parts of the tumour, which 
contain negligible amounts of stroma, may be snipped off with scissors. Tumours 
with much necrosis, infection or ronnd'Ccll infiltration were excluded from the 
series, although the presence of a few non-tumour cells m the suspension (iqi to 
10 per cent) was allowed. 

For both agglutination and antibody-inhibition tests a cell concentration of 
10,000/c. mm. is aimed at. The cells are counted in a Fuchs-Rosenthal chamber, 
preferably umler phase-contrast, and the necessary adjustments are made. From 
normal tissues a high ilcgrec of accuracy can be obtained, but with tumour cells 
a tendency to disintegration of the cells reduces the precision. 

The MCA test technique is that described by Coombs, Bedford and Rouillard 
(I'JoG), the only difference being the use of human AB senim in place of their 
inactivated rabbit senim. Routine grouping sera were used undiluted m the 
ratio of one drop of cell susjiensiuu to three of scrum to ensure e.xee.ss of the latter. 

For inliibitiou tests compansou with normal cells is desirable. Controls must 
also include the use of hetendogouN serum, c.g {{ against A cells, to determine 
the degree of non-specific adsorption The results are «mly valid when the sus- 
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jKMisioii coutnm‘5 lotle or no coll tlobri^— a limitatioo wliicli iUk's not ajiply to the 
figglutinatiou to«t. 


IinSULTS 

Normal epithelial cells from the urinary tract react in tlie MCA test strongU 
and uniformly provided that an c\ce<s of anUluMly is present and that ]>ro]R'r 
mixing is ensured. An occasional free coll may Komclimes he scon hut these seldom 
constitute more than 2i>erccnt of the total. Possibly they are stray mesenchymal 
cells. When the technujue was first triwl the cells Mere trj'psiniscsl for one hour 
ami good results were ohininefl. Nubsci|ijent .study lias .shown lliat this proet*dnn' 
is unnecessary. 
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Table I — coni. 

Histolog>' 
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Inhibition tests : 
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As7ivtinat%on 

90-100% + + + 

6C^-90% + + 

10-50% + 

0 - 10 % — 

Whenever possible normal cells from patients with tumours have been tested 
along with the tumour ceils but for a variety of reasons this could not often be 
done. In operation specimens, for example, it may be difficult to obtain enough 
normal cells tvithout stromal contaminants or without a proportion of malignant 
cells which may be infiltrating the submucosa. 

In fact in only six cases could a valid comparison be made. From all of these 
the normal cells gave a -1-++ or 90-100 per cent reaction whereas in three of 
the six (Cases 11, 18 and 22) the tumour cell agglutination was reduced or absent. 

InWbition tests with normal cells again give uniform and consistent results. 
Thus with a cell concentration of 10,000/c. mm. to which is added an equal volume 
of homologous serum in dilutions up to 1/128 there is normally an 8-fold inhibition. 
Xon-specific adsorption, however, occurs to account for an inhibiting effect of 
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Agghitinfttioii of mdivHlual cells does not appcnr.to be an all-or-nojie plieno- 
menon. Weak positive reactions usually include some completely agglutinated 
cells but also many cells with a reduced complement of adherent eiythrocUcs and 
a correspondingly large are«i of free surface* 

In only one of the negative results has tlicre been conijdotc absence of 
agglutination. In the other four occasional agglutinated cells, about 1-2 per 
cent, were noted It would be easy to ascribe these to artefact uvre it not that 
they do not occur in any of tho control tubes. Inclusion of a few normal cells is 
unlikely as great care was taken to saiuplc the most central part of the primary 
tumour 'surface. Furthermore they were present in suspensions from metasta=es. 


nisccssioN 

An analysis of tho results as presented in Table I reveals an approximate 
inverse relationship between the degree of agglutination and tlie malignancy of 
the tumour as judged both hy smeroscopy and by the extent of infiltration or 
metastasis (Table HI) 


Tauue hi — Helaitou of JfCA I'est to Structure niul Spread of Bladder Careiuoinala 

Apglutmatlon 
+ + And 

rSubmuroao only . . . 5 4 0 

Sprrad s I.}'mphat«>3 And/or blAddor muAcuIntoro 4| 3 

l^MatASlASCiS . . 1 i 2 


(* VV«U.dtff«tentUt»d 
Hjatology < Poorly-differentlatod 
l,An«plAatio ■ 


6 

U 


If anything the correla*' “• *’*"‘''»*r*.snrend is the closer of the twti. 
Thus no tumour limited to • ‘ reaction 

and only one, metastasis gAvw ^ ‘eposvt in 

an inguinal lymph node occwmng some two years aiiei • ' primary’ 

vesical carcinoma, there being no other evidence of recurrence. On the other 
hand one well'differentiated tnrnotir was totally imagglutinoble while two 
anaplastic pleomorphic growtlis retained normal reactions. 

It would seem from the inhibition tests that the negative results were due to 
inability of the malignant cells to adsorb antibody rather than to failure at a 
later stage of the agglutination procedure, c.g inhibition of adsorbed antibody 
or detachment of loosely bound antibody during washing. It remains to explain 
this phenomenon. 

It IS possible but unlikely that tlicrc is actual loss of the genes responsible for 
A and B antigens due to some chromosomal rearraugemeiit in the tumour cells. 
In favour of this e.vplanation is the belianour of one of the AB tumours in which 
a definite distinction was apparent between the A and B reactions. On the other 
hand two of the pleomorphic tumours, whicJi might be e.xpecfed to give rise to 
chromosome-deficient cells, gave normal reactions. Possibly they arose in gubjects 
homozygous for the A gene. A stronger aigument against the hypothesis of 
gene-loss lies in the gradation of reduced agglutinability not so much in cell 
populations as in individual cells. Genic loss should produce an all-or^nonc 
effect which, a& luw been noted, does not occur. 
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4\’2 

slightly under 2-fold tlmt the net s|»ccitic ad-iiri»tu>n is in the n‘gion of 4.foh! 
(Table 11). Tliis has In'en <lemonstra!e<l in si^ eases, four of group A and two 
of gn)Ui> U. 


TaiU.K II. — Cnrrdfttinu of MCA Trst ami AntifKplif Ad^f^rjititm /Mf. 
.Vr'Wh'tY JlrjtuU in IjnUtr Tf*t huHcatf* Ai/-*or;)/t'oM. 

Autopsv (4 hours yxW mortem) s-tniples of normal ureteric epithelium and 
sccondarj- dejwHit of anaplastic bladder c.arrinoma in i>elvts (Case IR) 
lUootl Group A. 

Ureteric *usjtcnsion : PtVV) cells c. mm. 

Tumour su«j*crv«inn : e. OWO eelU'e. mtn, Acetimte eountine imjvj'isnilc. 
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In live tuinouf su«|'eji«i<*ns suhjecteil to mhilutiou tests it niij'eantl. fud 
alt<»gcih<T exjteetcdly. that l(«vs of inhihititig nctiutv mu parallel to h*v« of 
agglutinnluhly. 

lh«t<il(*g»e.alU nil nttmipt va* nm<le to diviilr the tumours into three grades of 
m>iIignaneY on two vpimte criteria. s»ne of stniclural deviation fnun the normal 
And mje of crlhilar irregularity or plrom<ir|>hi«m Witli twr* rxerplmns thrs»- 
vsrre found t'» give tire ranif* gmdnig In «»iir c.xv- |(a*s' I), vrherr cell* were 
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RADIOTHERAPY OF NON-MAUGNANT 
DISEASES OF THE EYE* 
nv 

M. LEDERMAN 

Fmin ttte Raduuherapx Oeparimeni, Rttyal Marsdcn Uoipiiaf, and 
Mmrj}rhU, H'esinunster and Crntral C\t tlospilal 

Radiotherapy has been used in the treatment of non*malignani disease of 
the eye for over 50 years; but progress in the development of this form of 
treatment has been hampered by its alleged dangers to the eye. It is true 
that in the early days ocular damage was frequently encountered, but the 
traditional view that the eye is readily damaged by radiation, was based upon 
early unsound experimental work, and the memory of the clinical disasters 
encountered by the pioneers. To*day this view con no longer be maintained, 
for with reasonable technical care and proficiency the radiation treatment of 
non-malignant disease of the eye should entail no risk of ocular damage 
either as a complication or as a sequela. 

Purpose of Radiotherapy 

In assessing the value of and indications for radiotherapy in non-malignant 
diseases of the eye, the purpose or object of this form of treatment must 
be clearly appreciated; otherwise the treatment may be misapplied, so that 
the patient is not benefited and the method itself becomes discredited. 

(A) Non-Neoplastic Disease. — In such cases the main aims of radiation 
treatment are: 

(1) To relieve symptoms, particularly pain. 

(2) To promote hcahng by assisting: 

(f) the resolution of inflammatory processes, 

(iV) the absorption of a hacmatoma or haemorrhage; 

(fn) the epithelizaiion of an ulcerated surface; 

(id) the organization and removal of granulation tissue. 

(3) To affect blood vessels: 

(0 to reduce vascular engorgement and congestion accompanying mflammation; 
(u) to obliterate or reduce in size newly-formed vessels invading the cornea. 

(4) To reduce intra-ocular tension. 
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Alternatively and more probably there occiire some general change in the 
surface of the cell \yhich masks the A and B antigens. In support of this view 
one may quote a variety of related phenomena. Irregularity of the surface as 
viewed by electron microscopy (Ooman and Anderson, 1955) a deficiency in the 
capacity to bind calcium (Bunham, Nichols and Brunschwig, 1946 ; de Long, 
Coman, and Zeidman, 1930), decreased adherence (McCutcheon, Coman and, 
Moore, 1948), absence of contact inhibition (Abercrombie and Heaysman, 1953, 
1954) and accelerated electrophoretic mobility (Ambrose, James and Lowick, 
1956) have all been demonstrated. However the fundamental change underlying 
these has not yet been elucidated, and it remains to be shown whether any or all 
of them nm parallel to the apparent changes in antigen-content. 

The obscn’ations here presented maj'’ also be reIe^'ant to the problem of anti- 
body-resistance in tumours. It seems probable that antigens are not entirely 
lost by tumour cells since they remain demonstrable to a greater or lesser degree 
in a proportion. JIany cells on the other hand might be able to resist the effects 
of antibody oudng to reduced adsorption at their surface. 

On a more practical plane it may be that the method described will give 
useful information relating to the malignancy of the tumour and the probability 
of infiltration. A drawback here is the immunity of group 0 colls to antibodies 
that are easily available. Eel serum anti-H, for example, is ineffective in the test. 

sum-mahy 

The epithelium of the human urinary tract contains A and B antigens whicli are 
easily demonstrable by the MCA test. 

Tumours arising from this epithelium may fail to exhibit these antigens. 
The implications of this are discussed 

I am indebted to Mr. D, M. Wallace for providing material for this study and 
to Mrs. A. de Vilhers for technical assistance. 
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TABLE I 

NON-NEOPLASTtC LESIONS 



Pyogenic 

Blepharitis 

i 

Granulomatous 

Tuberculosis 

Sarcoidosis 

1 

j 

1 Allergic 

Vernal catarrh 

Phlyctenular kerato<onjunctivitis 

Processes ' 

i 

Viral 

Superficial punctate keratitis 

Post-herpetic pain 

Dendritic ulcer 

Disciform keratitis 

Trachoma 


Unknown aetiology 

Rosacea keratitis 

Marginal ulcerattie keratitis 


Comeaf lesions j 

i 1 

Ulcers fincluding Mooren's) 

Opacities following infection or trauma 

Dystrophies and degenerations (including pterygium) 
Traumatic lesions and recurrent erosions 


; Epilhelial downgrowihs 

Miscellaneous 

i 

I Vascular abnormalities 

Comeat vascularization (particularly after grafting) 
Eales's disease 

Retinal haemorrhage 

Venous thrombosis ^ 

i 

1 

Raised intra'ocular 
tension 

Secondary glaucoma 


Radiolherapy should therefore be considered in the following circum- 
stances : 

(1) Where there is no response to recognized therapeutic methods within a 

reasonable time (1 to 2 months). 

(2) Where no accepted method of treatment exists and there is reason to believe 

that radiotherapy may be of help. 

(3) For chronic progressive lesions accompanied by symptoms which radio- 

therapy may relieve without necessarily arresting the course of the disease. 
t4) For chronic relapsing lesions wherein periods of apparent improvement or 
healing are followed by repealed recurrence. 

Of the conditions listed in Table 1, the following are of most importance 
and interest to the radiotherapist: 

41) Mooren’s ulcer. 

(2) Rosacea keratitis. 

(3) Comeal vascularization. 

(4) Virus infecUons. 

(5) Vernal catarrh 

(6) Pterygium. 
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(5) To restore function. E.g. an attempt may be made to improve vision where 
the cornea is (fie seat of an opacify, dystrophy, or degenerative process. 

(B) Non-maugnant Tumours.— I n such cases radiation can be employed 
for the following purposes; 

(1) To destroy a tumour for cosmetic reasons. 

(2) To destroy or hasten the natural resolution of a tumour adjacent to and 

endangering the eye. 

(3) To eradicate a precancerous condition. 

The precise mode of action whereby radiation can favourably influence 
an inflammatory process is not known, but there are three possible mechan- 
isms which may separately or together play some part in producing a 
favourable response (Pohle, 1950): 

(1) A possible stimulation of antibodies 

(2) An effect on the cellular elements of the exudate, particularly the leucocytes. 

(3) An effect upon the blood vasculature, especially the capillaries. 

In the case of the benign tumours, the mode of action of radiation is by 
selective destruction of the tumour tissue, and it presumably differs in no 
fundamental way from the mode of action of radiation on other neoplastic 
processes. 

Indications and Selection of Cases for RAPJOTHERApy 
(A) Inflammatory and Other Non-Neoplastic Conditions 
Whilst the exact mode of action of radiation in these conditions is 
uncertain and further speculation on this topic would be profitless, the 
fact remains that a sound knowledge of the clinical effects of radiotherapy 
and the purposes to which these can be put, provide a reasonable basis for 
selecting cases for this form of treatment. Table 1 (opposite) lists the non- 
neoplastic lesions, in the treatment of which experience shows radiotherapy 
to be of value. 

U is obvious that only a minority of patients suffering from these diseases 
is likely to require radiotherapy, and an indiscriminate resort to this form 
of treatment is to be deprecated. Radiation is, after all, a noxious agent, 
its precise mode of action is still a matter for conjecture, and its effects arc 
neither prompt nor certain. In these circumstances, any other methods of 
treatment known to give satisfactory results should always be given priority. 

Whilst a hasty resort to radiotherapy is not to be recommended, undue 
tardiness is equally to be avoided. A patient failing to respond to recognized 
therapeutic measures within a rc.nsonablc lime should not be deprived of 
possible help from radiotherapy, nor should he be left until the disease 
progresses to the stage when radiotherapy can only give symplomalic relief. 
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Fjo 3. — tameUar graft. 

A. Before radiation treatment. B. After radiation treatment. 
(By courtesy of Ifae EdetOTS of the British Joitrnaf of Radtahgy,) 


(5) A note of wanting must be sounded in relation to the radiation 
treatment of vernal catarrh. It has been known for a very Jong lime that 
radiotherapy can help sufferers from this condition, but in recent years 
there has been an enthusiastic revival of the beta-ray treatment of this 
disease, particularly m the United States. Although the sufferers are usually 
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(1) In cases of Mooren’s nicer, radiotherapy is the only method of 
treatment known to be of value (Fig. I). 



therapy should be used only as a last resort in the treatment of non-neoplastic 
processes. The early use of radiotherapy in Mooren’s ulceration gives the 
patient his only chance of cure; in the treatment of rosacea keratitis, it 
gives the patient his best chance of avoiding loss of vision through the 
scarring that follows repealed attacks. 

(3) The judicious use of radiation for corneal vascularization associated 
with keratoplasty can go far to help obtain a satisfactory functional result 
as in Fig. 3 (opposite) and Figs 4 and 5 (overleaf). 

(4) In virus infections (Fig. 6, overleaf), and superficial punctate keratitis 
(Fig. 7, overleaf), radiotherapy is only occasionally curative, but it can 
nevertheless effect a certain degree of symptomatic relief not to be obtained 
by other remedies (Ledcrman, 1956b). 


i 
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Fio. 5 A.—Disciforro keratUis 

B FuU*lh\ckncss graft in association with pic- and post-opciativc irradiation. 


children and the disease is seasonal and ultimately selWimiling, high doses 
of beta-radiation have been recommended as a method of eradicating the 
characteristic “cobble-stone” papules that appear on the tarsal conjunctiva. 
To any radiotherapist conversant with the elYecls of beta-radiation, the 
consequences of high doses applied to the mucosal surfaces of the lids could 
easily be predicted — namely, replacement fibrosis with atrophy and scarring 
of the palpebral conjunctival mucous membrane. Merriam (1956) has 
pointed out the risks of irradiating vernal catarrh in a recent paper on the 
effects on the eye of beta-radiation. He ^ves the following graphic account 
of the state of the unfortunate sufferers from this disease who have been 
misguidedly submitted to over-enthusiastic beta-irradiation : 

When the roughened keratinized surface (of the Ud) tubs over the cornea, it produces 
a punctate keratitis with severe photophotna, lacrvrcvation, and blepharospasm. This 
persists throughout the patient’s Ufetime, ts resistant to treatment, and in our experience 
has been found to be much more del»litating than the disease originally treated. This 
possible effect should be given serious consideration before irradiation is advocated for a 
condition in v-hich 90 per cent, of the cases subside spontaneously with local medication. 
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A and B. State of eyes before small doses of x-ray therapy— corneal damage is present. 

C and D. State of eyes after treatment— -the eyes are white and quiet and there has been relief 
of symptoms. 



Fio. 10.~Btlater^ vernal catarrh. 

A and B Btlatwal bolbar vernal catarrh before treatment. 
C and D After beta-radtation— symptomatically impro^^. 
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The present writer has not practised the beta-ray treatment of vernal 
catarrh using high doses; after tentative trials, when it became obvious that 
the papules could not be eradicated with small safe doses, beta-radiation 
was virtually abandoned and small doses of x-radiation were used instead. 
The aim of treatment has been either prevention by irradiation one month 
before the expected onset of the seasonal attack, or reduction of the acuteness 
of the florid attack to relieve symptoms until the seasonal respite occurs. 
Beta-radiation is indicated only in the rare cases in which the bulbar con- 
junctiva is affected (Figs 8, 9, and 10). 



Fig 8.— Vernal calarrh- 

A and B Typical “cobblc-stonc” appearance of lids 
CandD. Associated comeal ulceration. 


(6) Most of the cases of pterygium seen by the writer have been in patients 
coming from tropical and subtropical countnes. The customary treatment 
is surreal removal, but the recurrence rate is by no means negligible. 
Radiotherapy should be reserved for the recurrent case, when excision and 
immediate post-operative radiation is the treatment of choice (Fig. II, over- 
leaf). 

(B) Benign Tumours 

The noil-malignant tumours of the outer eye for which radiotherapy may 
be indicated arc haemangiomata, papillomata, hyperkeratoses, and keloids. 
The need for and value of radiotherapy varies for each lesion. 

(1) Haemangiomata. — It is probably true that most haemangiomata occur- 
xing in infancy disappear spontaneously without treatment. In spite of 
this, however, there are certain medical indications for active treatment; 

(i) Presence of haemorrhage or infection. 
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FlO. 11.— Recurrent pterygia. 

A. Before treatment. 

B After treatment 

Treatment was by surgery and immediate post-operative beia-radiation. 

(/]) Siluation of the haemangioma in a region exposed to frequent trauma, 
i.e. the scalp or the napkin area, or where its presence predisposes to 
infection of a neighbouring organ; e.g. infection may take place in the 
conjunctival sac where the lids are closed by an angioma. 

In addition to these medical indications there is one further important 
indication; namely, the child is treated for the mother’s sake. Many of the 
sufferers are first-born girl babies, and it is unreasonable to expect the mother 
to accept verbal reassurance that all will be well, particularly during the 
period when the angioma apparently increases in size with the growth of 
the infant. Radiotherapy is the treatment of choice for lid angiomata. 
There is no indication in these cases for cxcisional surgery which can only 
result in unnecessary mutilation and should be avoided at all costs. Radio- 
therapy offers a simple and safe remedy, the judicious use of which can 
arrest the growth of the angioma and restore confidence and peace of mind 
to the parents (Figs 12, 13, and 14, opposite). 

(2) Papillomata. — The treatment of choice for either the true papilloma, 
or the infective wart is surgical removal. Such warts may be single or 
multiple and may affect the lids or the conjunctiva. It is rarely possible to 
cause true papillomata to disappear by using small safe doses of radiation, 
and an adequately effective dose of radiation must inevitably be accompanied 
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Fto 16. — Multiple papillomata of the lids and bulbar conjunctiva treated by ft combination of 
tow-volcase jr-rays to ltd and bcti'Cadiation to the bulbar conjunctiva. 

A. Oefore treatment. D. After treatment. 



Fio IT.— 'Papdioma of the conjunctiva. 

A. Before radiation treatment. B. After radiation treatment. 


(4) Keloids.— These may form in a scar on ibc lid, or may occur aflcr 
injury or post-operalively. If the keloid is of the raised, red, fleshy type, 
radiotherapy should be undertaken, but if the lesion is of the hard, white, 
linear variety, excision associated with pre- or post*operativc irradiation is 
indicated. 

Factors iNFLOENaNO Choice of Technique 
(A) Non-Neoplastic Lesions 

The one factor which must dominate treatment is safety; in no circum- 
stances must risks of damage be taken. Treatment can be made safe by 
attention to technical detail and utmost care in dosage. 

The superficial situation and accessibility of the outer eye considerably 
simplifies apparatus requirements. With the exception of irradiation of the 
Gasserian ganglion for post-herpetic pain, which requires high-voltage 
therapy, all other non-neoplastic lesions can be treated by low-voltage 
therapy or beta-radiation, used either separately or in combination. 

The particular method to be used chiefly depends on the acuteness and the 
extent of the lesion. 
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by a local tissue reaction. Such reactions occurring in regions away from 
the eye are reasonably free from risk, but in the eyelid or on the conjunctiva 
there are three special complications, the risk of which is real enough to 
contraindicate radiotherapy: 

(i) Keralinization of the conjunctival epithelium of the treatment area. This 
occurs rarely but when it does it can be a serious matter, since, apart 
from producing an irritable eye, it may also damage the cornea (Fig. 15). 



Fio. )5.— papilloma of upper Jid. 

A. Before treatment. B. AAer treatment. The lesion has gone hut there is keratinization of 
the Iid conjunctiva in the treated area. 


(a) In the writer’s experience a single-dose technique (2,000 f by L.V.T. 60 kV.) 
tends to produce a higher necrosis rate than fractionated techniques. 
The reason for using these single-dose techniques is their simplicity and 
economy, but radio-necrosis is a high price for a patient to pay for the 
treatment of a non-malignant lesion for which a safe surgical alternative 
is available. 

(///) The AT-ray treatment of an epibulbar wart, particularly if situated near the 
limbus, may be followed by a radiation cataract. This risk can be 
minimized by the use of bela-radiation. 

In spite of the desire to use surgery whenever possible, there are certain 
indications for radiotherapy in the treatment of papillomata: 

(i) For a solitary sessile papilloma affecting more than one-third of the lid 
margin, when surgery would involve plastic repair of the lid (Fig. 15). 

(«) Multiple papillomata of the lidsand conjunctiva (Figs 16and 17, opposite). 

(Hi) Repeated recurrences after surgery. 

(3) Keratoses. — ^The senile type of keratosis is usually a precancerous 
lesion and when affecting the lid margin is best treated by radiotherapy, 
because a wider area of tissue can be irradiated than can be excised. The 
need to irradiate or excise a wide area of tissue surrounding the lesion is 
due to the presumed “instability” of the tissues from which the keratosis 
arises. 
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X-ray treatment is given once or twice a week for 4 weeks, and the treatment 
can be slopped if the eye is comfortable and quiet at the end of this period. If 
the eye is white and corneal ulceration persists, beta-radiation can be used; if no 
improvement is observed, radiation treatment should be abandoned completely. 

(2) Beta-Radiation —This forms the mainstay of the treatment of corneal lesions. 
The apparatus comprises a plastic shell containing radio-active strontium foil 
(Lederman, 1956a). The shell ts inserted into the conjunctival sac so that the 
radio-active surface comes into contact with the cornea and the surface of the 
globe. A range of such shells is available (Figs 18 and 19). 


'I 



Fig. 18.— Radio-active strontium bcu-ray applicator m place in conjunctival sac. 
(By courtesy of the Editors of Ihe British Journal of Radiology^ 



Fio. 19 — Radio-active strontium beta-ray applicators showing range of applicators available. 
(By courtesy of the Editors of the British Journal of Radiology ) 


The dosage required depends on the lesion being treated. 

For Mooren’s ulcer single doses of 500 to 1,000 r are given at weekly intervals 
for 4 weeks. 

For comeal ulceration of dendritic or rosacea origin a dose of 500 r is given 
weekly. 

For corneal vascularization after grafting treatment may be begun 10 to 14 days 
after operation, and ^>0 to 1,000 rare given weekly for 4 weeks. The dose and the 
type of applicator used depend on the slate of the eye when seen, and the extent, 
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(1) Low-voltage therapy is always used for an acute or extensive lesion. The 

radiation is applied directly to the closed eye so that the whole of the 
outer eye and the eye-ball are irradiated. 

(2) Beta-radiation is reserved for chronic lesions, chiefly affecting the cornea. 

Beta-radiation is not used m the presence of; 

(o) severe hd spasm, 

(6) a small pupil, marked ciliary congestion, or other evidence of uveal irritation 
or inflammation. 

In the presence of hd spasm, any difficulty in inserting the beta-ray 
shell into the conjunctival sac may result in injury to the cornea, and the 
strontium beta-ray dose delivered to any co-existing inflammatory process 
deep to the cornea might prove excessive and produce an exacerbation 
of symptoms. 

(3) Quite frequently, x- and beta-radiation may be used in combination. Thus. 

for an acute kerato-conjunctiviiis or a deep keratitis associated with an 
iridocyclitis, treatment can be begun with low-voltage therapy and when 
the eye is reasonably comfortable and white, beta-rays can be applied to 
any persistent localized corneal lesion. 

The effect desired from the treatment governs the selection of the particular 
radiation and dosage used. The purpose of the .v-ray treatment is to assist 
the resolution of an acute inflammatory process affecting a part or the whole 
of the eye. The radiation is, therefore, applied in very small doses to the 
affected organ in its entirety on the assumption that the favourable effect of 
the radiation mediates through the blood supply, all of which should there- 
fore be exposed to the radiation. In the case of beta-radiation, the ** anti- 
inflammatory effect” of radiation is not usually sought, but the purpose is 
to heal a corneal ulcer or obliterate unwanted blood vessels invading the 
cornea; to achieve this, the strictly localized effects of high doses of beta- 
radiation arc ideal. 

There are two standard techniques for treating non-neoplastic lesions of 
the eye. 

(I) X-Radiation: Bulbar or "IVhoic Eye" Technique . — This is so-called because 
no attempt is made to protect or shield any pan of the globe or lids. lre,iimenl 
being given through a 3-cm. diameter circular field placed directly over the closed 
hds. The apparatus used has the following factors- 45 kV., 2 mA ; filler I mm. 
Al ; focal-skm distance 4 cm. 

The v-ray dosage employed in the treatmci.i of an infection of Ihc outer eye is 
always minimal, namely 10 r. and »i would appear ihai. If radiotherapy is going 
to help, this minute dose is perfectly adequate. In my experience, there is no 
advantage in giving higher doses as. for example, of 100 r; the results .arc the 
same , the smaller dose is absolutely safe, docs not provoke cxacerb.iiions. requires 
no mampubtion of the lids, and can be continued for more ihan a month wjjb 
safety. In the esent of a relapse, a course of low-dosagc treatment can be rcpe.itcd 
two or three times a year. 
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Gamma-radiation is to be preferred, but, because of the greater ease in 
protecting the eye, contact therapy ($0 kV.) is usually employed for lid 
angiomata, and the child is anaesthetized for the treatment in most cases, 
A single dose of 250-400 r is given, depending on the age of the patient and 
the thickness of the lesion, the lower dose never being exceeded in a 
newborn infant. The treatment is not repeated as long as regression 
continues, but if the improvement is not maintained a further treatment is 
^ven after 6 months, and very rarely a third treatment after 18 months. 
The child should be treated as soon after birth as possible and the parents 
warned that complete regression may not be obtained for from 3 to 5 years 
or more (Fig. 12). 

(2) Papillomata. — A'-ray therapy is used for a solitary papilloma, a single 
dose of 2,(XX) r at 60 kV. being given. Infective or multiple papillomata in 
children are treated by .v-ray therapy to the lid lesions, a single dose of 
600 r being given, and bela-ray therapy to any bulbar conjunctival lesion, 
a single dose of 1,000 r being given. These doses can be repeated at the 
end of 3 months if necessary. 

(3) Keratoses.— The technique is the same as for solitary papilloma. 

(4) Keloids. — A single dose of 600 r, using .v-rays at 60 kV. or 100 kV,, 
is given to the scar and treatment is repeated in 3 months if necessary. 

Complications of Radiotherapy 

Complications should not be encountered in the radiation treatment of 
inflammatory processes. 

(1) Exacerbation of symptoms during radiotherapy is nearly always a sign of 

improper dosage; in using x-ray therapy, the minute doses given never 
provoke exacerbations such as may occur wnh higher doses. 

(2) Infection and traumatic damage to the eye may occur when using beta-rays, 

but with proper care these complications are entirely avoidable. Merriam 
(1956) has repotted on the occurrence of radiation cataract after strontium 
beta-radiation. He notes that damage to the lens can occur only with 
very high surface doses. There arc no indications for very high bela-ray 
dosage, i e over 4,000 to 5,000 r, in the treatment of non-neoplastic disease, 
and to date we have no record of a radiation cataract produced by 
beta-rays, 

(3) Radionecrosis has occurred only after the single-dose method of treating lid 

tumours. A fractionated dose method is clearly preferable If radio- 
therapy js to be used safely rather than economically. 

Summary 

In assessing the value of radiotherapy in the treatment of non-malignant 
disease, it is important to remember the following facts: 

(1) Radiotherapy is not a specific remedy. 

(2) Many of the lesions treated arc normally capable of spontaneous healing, 

but may relapse in a certain unknown proportion of cases. 
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age, and depth of the vessels to be treated; the treatment is the same whether 
the graft be lamellar or full-thickness. For pre-oi^rative corneal irradiation, 
doses of the order of 500 to 800 r weekly are given for 2 to 4 weeks, and operation 
IS advised 10 to 14 days after the last treatment. Pre-operative radiation can be 
followed by post-operative treatment in the more heavily vascularized cases. 

For vernal catarrh, the patient should ideally be treated one month before the 
expected onset of the attack. A lead shield is placed in the conjunctival sac to 
protect the eye and the size of field used will depend on whether one or both lids 
are to be treated, in each case the fornices must be irradiated and the field extended 
to the bony orbital margin. A dose of 100 r is given once weekly for 4 weeks. 
If the patient is seen during an attack, the same treatment should be given. It is 
advisable when treating any bilateral eye condition to begin by treating the worse 
eye first and to treat both eyes only if no exacerbation of symptoms has occurred. 
For bulbar lesions, beta-radiation should be used in order to avoid lens damage, 
a dose of 500 r being given once a week for 4 weeks. 

Recurrent pterygium can be treated by beta-radiation using the strontium shell, 
four doses of 500 to 600 r being given at weekly intervals It can also be treated 
post-operatively by low-voltage ^r-rays (60 kV.) given through a 2x!-cm. field, 
so placed that its edge is at the apex of the pterygium and tangential to the cornea. 
The eye is anaesthetized and a lid-retractor is used. A single dose of 600 r is 
given, and this can be repeated after 6 weeks if necessary 

The doses used in beta-ray therapy bear little relation to the doses employed 
in low-voltage x-ray therapy, for the following reasons: 

(0 The marked difference m penetration of the two types of radiation Under 
our treatment conditions, the dose of .r-radiation incident on the anterior 
surface of the lids falls to half its intensity at a depth of 1*1 cm. In 
contrast, the dose of strontium radiation incident on the surface of the 
cornea falls to half its intensity at a depth of 1*3 mm. 

(i/) The volumes of tissue irradiated by each method vary greatly. With low- 
voltage therapy the lids and the eye itself are irradiated, whereas with 
beta-radiation only tissues m close contact with the source are irradiated. 
There is an inverse relationship between the volume of tissue irradiated 
and the size of the dose, i.^. the larger the volume the smaller the dose 
that can be safely given. 

Any attempt to imitate the high single doses used in beta-ray therapy with 
low-voltage x-ray therapy would almost certainly be harmful to the inflamed 
eye. Conversely, to imitate the small doses used in x-ray therapy with a 
beta-ray source would be pointless and ineffective. 

(B) Benign Tumours 

(1) Haemangiomata, — It is our general policy: 

(0 not to give large doses of irradiation to these tumours, 

(li) to avoid radon seed or other implantation methods; 

(ii'i) to repeat treatment only once or twice with the longest possible intervals 
between treatments. 
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TABLE VI 
MOOREN*S ULCER 


Treated j 

Healed ' 

1 

Improved 1 

Failed or 
too Recent 

Patients 

34 1 

<> 

10 

» 

Eyes 


IS 

14 

1 16 


TABLE Vll 
PTERYGIA 



Seen 

Treated j 


Successful { 

Improved 

Fatted 

1 

1 

Patients 

• 1 12 




Eyes 

19 

3 

7 

3 


TABLE Vll! 
CORNEAL GRAFTS 


Radiation 

1 Number Seen 

Satisfactory 

j Failed 

Indeterminate 

Treatment 

Patients 

Eyes ! 

Patients i 

Eyes 

Patients 

Eyes 

Patients 

Eyes 

Posi-keratoplasty 
Lamellar 
Full-thickness . 

67 

70 ! 

26 

44 

2t ' 

22 

j 

22 

23 

24 

i 

25 

Pic-kcratoplasty. . 

18 

19 

2 

2 

10 

10 

^ 1 

7 

Pre- and Post- 
keratoplasty .. 

5 

7 

2 

2 

2 

1 3 

1 1 

2 

Total . . 

90 

% 

25 

26 

34 

1 36 

31 

34 ' 


I am indebted to the members of the staff of the Moorfields, Westminster and Centra! Eye 
Hospital and of the Royal Eye Hospital for sending most of the cases, and for their co-operation in 
treatment 1 am grateful to the Editor of the British Journal of Radiology for permission to 
reproduce Figs 1, 3, 4, 18, and 19, and to tlw Editor of the Transactions of the Opkthalmological 
Society of the United Kingdom for permission to publish Table IV. 
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(3) Radiation is often used only when all else has failed and patients often come 

with a chronic long-standing lesion or in an acute “ resistant ” stage. 

(4) Because of the benign or self-limiting nature of many of the conditions 

treated, routine follow-up is not undertaken. A detailed statistical 
analysis of results, such as is available in the treatment of malignant 
diseases, is scarcely indicated. 

Tables n to Vni show the results of treatment obtained at the Royal 
Marsden Hospital in a series of cases of various kinds. 


TABLE n 

HAEMANGIOMATA AND PAPILLOMATA 


Condition 

Seen 

1 Treated j 

i 

Not Treated 

Improved 

Failed 

Haemangiomata... 

Lids 

50 

45 

2 

3 

Canthi 

7 

4 

~ 

3 

Papillomata 

Lids 

41 

n 

3 

n 


TABLE \n 
VERNAL CATARRH 


Seen 

Treated 

Not Treated 

Improved 

Failed 

21 

15 

2 

4 


TABLE IV 

VIRUS INFECTIONS OF THE OUTER EYE 



Seen 

Treated 

Not 


Relieved 

Improved 

Failed 

Treated 

Dendritic ulcer 

22 

3 

10 

7 

2 

Disciform keratitis ... 

17 

3 

7 

6 

1 

Post^rpeiic pain 

11 1 

2 , 

3 

6 

0 

Superficial punctate keratitis 

73 

12 1 

44 

12 

\ 5 


By courtety of the Ediion of the Tr<iirtactu>nsoft\e OphihabMohgical Socttly of the Unfltd Kint^iom 


TABLE V 

ROSACEA KERATITIS 


Treated | 

j Heated 

1 Improved 

Failed or 
too Recent 

101 

1 25 

1 “ 

i * 
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treated at the Royal Marsden Hospital, there were 
nine orbital exenterations and only one patient U 
alive a year later. Of eight other patients who 
suffered enucleation of the eye (in no case was 
removal necessary because of radiation damage) 
there arc two living for more than three yeare; in 
both cases the patients came into the hands of 
plastic surgeons; one eye was removed for infection, 
and the other in spite of advice to the contrary, 

(c) The purpose of treatment. Whenever curative 
treatmeni is undertaken every attempt must be made 
to limit the permanent damage inflicted on the eye. 
The discomforts associated with severe reactions 
must be accepted in the knowledge that with proper 
care and attention they should be temporary. When, 
however, palliation alone is the objective, as with 
metastatic orbital tumours from the breast and 
bronchus, the %yhole globe should always be pro- 
tected from direct irradiation and reactions mini- 
mised as much as possible by control of dosage. The 
purpose of treatment m these cases is to relieve pain 
and proptosis so as to enable the patient to die with- 
out having to undergo an operation on the eye or to 
endure thr miseries of uncontrolled proptosis. 

(2) Of the heal factors affecting technique the chief 
are the- nature and extent of the tumour and its 
situation within the orbit. 

(a) Benign tumours and granulomata. When the 
tumour is restricted to one part of the orbit, radiation 
can be localised to the affected region. Treatment 
can be given through a single anterior field applied 
directly to the ej'e with some form of protection to 
be described later. The eye must be completely pro- 
tected and no risk of damage taken. 

(i) Primary malignant tumours. When dealing with 
these tumours, the technique of treatment must be 
such that the whole orbit is irradiated. There are 
only two exceptions to this rule: 

(i) The pre- or post-operative treatment of a 
lacrimal gland tumour, when treatment can be 
localised to the region of the lacrimal fossa, care 
being taken to irradiate a wide tone of the surround- 
ing bone because of the known tendency of these 
tumours to produce early and widespread bone 
invasion. 

(u) In the treatment of gUoma of the optic nerve 
or other rare tumours affecting the posterior part of 
the orbital cavity, the radiation can be largely con- 
centrated in the retro-ocular segment of the orbit, 
the posterior part of the globe related to the nerve 
head alone being included in the field of radiation. 

In all other cases where the whole orbit has to be 
irradiated the inclusion of the eye to a greater or 
lesser extent is unavoidable unless one is prepared to 


run the risk of leaving some part of the tumour 
Inadequately irradiated. 

In treating a primary orbital tumour two fields 
(an anterior and a lateral) arc usually necessary, 
although usually a single direct field can be em- 
ployed for some of the very sensitive sarcomas of 
lymphoid tissue. The field sizes used arc 4 x 4 cm’ 
minimum, the c-tact sire depending on the extent of 
the tumour, and for the purposes of beam direction 
the fields are mounted on wax scats on a plaster cast 
if 220 kV X rays ate used (Ftg- 1). or if 2 MtV 



Fig. I. 

Treatment of an orbital rumour at 220 kV usins • cast Kd* 
protection of the sound eye. 

radiation is employed the fields are outlined on a 
Perspet cast on which are also mounted the points at 
which the central axes of the beams emerge (Fig. 2). 
The use of a light device instead of a close-ended 
applicator Is of particular value, since it is atraumatic 
and is the only technical method of administeiing 
radiation which permits the use of the indirect 
method of eye protection to be described later. 

fc) Bilateral orbital tumours. The rare bilateral 
tumours of the orbit arc usually radiosensitive sar- 
comas of lymphoid tissue, and the technique of treat- 
ment should be the same for both orbits. It is wise t® 
begin treatment on the most seriously affected side 
and allotv a few days interval before beginning 
treatment to the second tumour. 

(d) Secondary orbital tumours. The important sec- 
ondary orbital tumours are those due to extension of 
neoplasm from the adjacent paranasal sinuses or post- 
nasal space. The two cardinal principles to be 
observed in treating secondary orbital invasion from 
these regions are: 

(i) The treatment technique must be predomi- 
nantly directed towards control of the primary site 
and the orbital extension coincidentally aod ade- 
quately included within the treatment zone. 

(ii) The treatment can be limited to the part of the 
orbit affected, provided the direction of invasion is 
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P RIMARY tumours of the orbit are uncommon; 

the malignant orbital tumours seen by the radio- 
therapist are usually of secondary origin. Table I 
lists the material seen at the Royal Marsden Hospital 
during the period 1933-55. This material is clearly 
a selected one and cannot be used for assessing the 
incidence of orbital neoplasms. 


TABLE I 

Orbital tumours seen at the Royal Marsden Hospital 
1933-55 


Primary | 

Sarcoma of lymphoid tissue 14) 

Rhabdomyosarcoma 7 1 

Other sarcomata 6 | 

Lacrimal gland tumours 14 | 

Nerve tissue tumours (glioma 

of optic nerve) Ij 

i 

1 

Secondary 

From: « 

Intra-ocular tumours 6 ' 

Neoplasma arising m the 
paranasal sinuses tOO 

Metastatic 10 

From: 

Generalised lymphoid tissue 10^ 

|i26 

Benign tumours and granulomata 22 

Total 190 


A general account of the natural history of these 
tumours, the results of radiotherapy and the com- 
plications following such treatment, have been pub- 
lished in detail elsewhere (Lederman, 1956). It is 
the purpose of this paper to furnish an account of the 
techniques employed in the radiation treatment of 
orbital tumours at the Royal Marsden Hospital. 

The technique of treating an orbital tumour 
depends mainly on whether the eye is present and 
whether the tumour is primary or secondary. If a 
sound eye is present, no effort should be spared in 
its protection, whereas if the eye has been removed 
techniques can be simplified and extended in range. 
With a primary orbital tumour, treatment can be 
localised to the orbit with consequent limitation in 
general and local reactions to radiation; whereas in 
secondary invasion of the orbit, particularly from 
the paranasal sinuses, the need to irradiate the orbit 

• na»ed m part on a Paper read at the Rojal Soaetf of 
Medicine on February 17, 1956— by permisuon of the 
Fdiion of the t*r>ceeding» of the Royal Society ©f Medkme. 


complicates to a great extent the technique of treat- 
ment of the primary site, and imposes an extra and 
often severe burden upon the patient. 

A. The Technique op Treating an Orbital 
Tumour with the Sound Eye Present 

The factors influencing the technique are as 
follows: 

(1) General factors 

(а) The age and general condition of the patient do 
not matter greatly provided the patient is neither too 
senile nor too young and fractious to co-operate in 
treatment. Occasionally young children may require 
sedation at the beginning of treatment, but as a rule 
they quickly learn to co-operate. 

(б) Tht state of the eye and orbit. It may be stated 
quite categorically that it should never be necessary 
to remove a normal eye as a preliminary measure to 
a course of radiotherapy. Under proper conditions 
the risks of encountering serious ocular damage after 
radiotherapy are small, and in our series of cases no 
eye has had to be removed because of damage 
following external methods of radiation. 

Removal of the eye as a preliminary to radio- 
therapy can be considered if the eye Is blind or if a 
severe exposure or neuroparalytic keratitis is 
present. Even in these cases, however, removal of 
the eye is not absolutely necessary and may be 
avoided should the patient be reluctant to agree to 
the operation. 

Proptosis and chcmosis, when present, are always 
a problem, particularly when due to invasion of the 
orbit by squamous carcinoma from the paranasal 
sinuses. In these cases, neoplastic invasion of the 
orbital bones is accompanied by sepsis, and the 
presence of a “malignant osteitis” usually precludes 
a successful outcome to radiation treatment unless 
the affected bone can be first removed surgically. 

Removal of a sound or proptosed eye or exentera- 
tion of the orbit in the treatment of antral or 
ethmoidal cancer is rarely justifiable as a primary 
measure, for it adds little to the patient's chances of 
survival. The presence of neoplasm in the orbit is an 
index of the extensive nature of the disease and if 
radiotherapy is first applied and fails, then subse- 
quent surgery is no more likely to be successful. In a 
series of 172 cases of antral and ethmoidal carcinoma 
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c 

Fig. 4. 

Th« pnnc>pi«« of direct and indirect ocular protection, 
NotP in 8 uie penumbra produced by tbe mterposiOon of 
the lead atop, because of thia direct protection la preferable 
when using 220 kV radiation 


degree of proptosis and chemosis are present 
but the hds can still be closed, or when the 


cornea cannot be properly inspected beauss 
of oedema of the Uds. In these cucutnslatico 
a larger area of the propioscd eye has to be 
protected. 

Whichever shield is used it is atwaj's placed on the 
closed upper Ud so that its upper margin is in con- 
tact with the centre of the upper bony orbital margin, 
thus allowing for the upward rotation of the globs 
accompanying closure of the lids {Fig, 3). 

(ii) Indirect protection 

This is necessary when: 

(fl) 2 MeV radiation is employed, 

{4) the eye is severely proptosed and the lids 
cannot be closed, 

(c) the eye is abnormally displaced or immobile 
owing to an associated ophthalmoplegia, 

[d) gross chemosis and oedema of the lids are 
present, and 

(<) there is neoplastic invasion of the conjuncti«l 
sac. 

The indirect method consists in the insertion m 
the beam of radiation of an absorbing material, 2 ram 
lead rubber in the case of 220 kV radiation, or 7-0 cm 
of lead in the case of 2 MeV radiation, so that the 
part of the eye to be protected is brought within the 
shadow produced by the interposed absorbing 
material. The indirect method can therefore be 
termed the “shadow-method” (Baclesse, Dollfus, 
Ennuytr, and Reverdy, 1946), and is for use tritb 



Fic. 5. Fio 6 

S. Indirect ooulsr protection. A gmtrrf vww of the instn boMer m position on the {a« of the 
2 MeV generator. The recessed position of the eye shield close to tfie front shutters is cirariy seen. 
Fio 6 Indirect ocular protection The aliimmium insert holder with four attachments. The large 
square shield in plsce covers 6 x 6 cm at 67 an F.S.D. 
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known and its extent can be gauged by clinical and 
radiolopcal findings. 

The basic technique used is to irradiate en bloc the 
whole antrum, ethmoid and orbital cavity on the 
affected side (Figs. 2 and 5) and to arrange for ocular 
protection by placing the antero-lateral and lateral 
fields so that the beams of radiation pass behind both 
eyes, and by shielding the eye on the affected side 
from direct irradiation by the anterior field. 

In contrast to antral and ethmoidal cancer where 
nearly half the facial skeleton has to be treated, with 
post-nasal tumours treatment is directed to the post- 
nasal space alone, unless evidence of spread outside 
this region can be demonstrated. If the orbit be 
involved as shown by proptosis, an anterior field is 


Radiotherapy has a sinister reputation among 
ophthalmologists: it vs'as largely gained in its period 
of development, and now persists in rather a 
traditional fashion. Whilst under modem conditions 
the ocular disasters encountered in the early daj'S of 
radiotherapy arc rarely seen, it would be quite wrong 
to give the impression that the irradiation of a 
malignant orbital tumour is without risk. Complete 
protection of the eye in these circumstances cannot 
be obtained, nor is it desirable, since tumour tissue 
may simultaneously be protected: the most one can 
hope to ach^e^•e is to protect from direct radiation 
the vulnerable ocular tissues forming the anterior 
segment of the eye, namely, the cornea, iris, ciliary 
body and lens. 



ric.2. Fio. 3. 

Fio. 2. Treatmeni of a maxillo-ethmoidal tumour by suporvoluge therapy (2 McV). Note indirect method of ocular 
protection {see Figs. 5 and 6). A similar treatment set up usmg two fields is employed for primary orbital tumours. 
Fig. 3. Treatment of a maxillo-ethmoidal tumour at 220 kV using a cast. Note direct method of ocular protection. 


added over the affected eye with direct or indirect 
corneal protection and the whole orbit treated, since 
invasion usually takes place from behind and selec- 
tive protection of the orbit is untsisc. 

Ocular protection 

In advocating radiotherapy for the treatment of 
malignant orbital tumours, one must be ever 
conscious of the possible risks of damage to the 
normal eye. If these risks are considerable, then a 
case can be made out for removing the eye before 
embarking upon radiotherapy. If, however, the risks 
can be shown to be small or otherwise worthwhile 
accepting, then clearly the eje should be left since 
It is far better for a patient to retain the eye even at 
the cost of impaired vision than suffer its removal, 
which IS inevitable should a malignant orbital 
tumour be submitted to surgical treatment. 


Ocular protection may be obtained in two ways, 
directly or indirectly, depending on the degree of 
proptosis present and the quality of the radiation 
employed. 

(i) Direct protection 

This can be obtained most simply when proptosis 
is not marked and the hds can be firmly closed, by 
using 200 kV radiation and placing a piece of lead 
nibbcr 2 mm thick upon the closed lids over the part 
of the eye to be proiccied. In practice fw'o siaes of 
lead protection are useful. 

(o) A 15 mm circle for use where the cornea and 
intra-ocular structures deep to h arc to be 
protected from direct radiation; 

(6) A 3 X 2 cm oval which shields the whole of the 
front surface of the eye from direct irradiation. 
This shield is also used when a moderate 


471 



M, Lederman 


$hap«ci ss part of a segment and inclined so that n has the 
X-ray target as centre. There art t\vo of these plates in the 
device; they are made of aluminium and are fixed to the 
dlumumun base. Several inserts can be m use at the same 
time. Tiie base is milled to slide over the opphcator-holdms 
face of the Ro>'al Marsden Hospital 2 MeV generstor to 
which it IS clamped by two brass screws. The taper of each 
insert was calculated to allow for the approximate sire of the 
focal spot about 5 mm diameter. It waa decided that to 
minimise peniunbra the surface of the insert should be 
generated by a line joining the outer edge of the focal spot to 
the edge of the area to be protected. This shape was adopted 
for protected circular regions for which it presented no 
machining problems.” 



Fjo. 9. 

Depth dose on a ray through the cornea showing the rffiiet 
of shielding. Carcinoma of the post nasal space, 
a. 2MeV67cmF.S.D., 11 7mmCuH.VX. 
b 220kVS0emF-S.D.l-5mmCuH.V.l.. 

Any shielding of the cornea and the underlying 
jntra-ocular tissues inevitably means that there Avill 
be shielding or inadequate irradiation of some part 
of the neoplasm which happens to involve the reiro- 
ocular segment of the orbit. It is for this reason ^at 


reliance upon a single anterior field is only occasvojv- 
ally to be recommended, since the lateral field is 
neccssarj' to deal effectively with the posterior part 
of the orbit. When using a lateral field neither direct 
nOr indirect protection of the eye on the treated side 
is advisable for the following reasons: 

(I) If the situation of the anterior edge of the 
lateral field is anterior to the outer bony 
orbital margin, the attempt to shield the eje 
directly will inevitably result in partial shield- 
ing of neoplasm affecting the antero-mediri 
part of the orbit. 

(Z) If the anterior edge of the field is at the leid 
of the outer bony orbital margin the plane of 
the lens and hence the anterior ocular segment 
is anterior to the direct beam and recenes 
radiation by scatter alone or from the pen- 
umbra of the beam. 

(3) If the anterior edge of the lateral field » 
placed 1 cm behind the Utecal margin of the 
bony orbit the beam of radiation may include 
the posterior part of the globe, but the whole of 
the anterior segment and most of the posterior 
segment of the eye arc certainly avoided. 

Figs.?, 8 and 9 sh ow the influence of corneal shield- 
ing upon the radiation dose distribution within the 
orbit at 220 kV and 2 MeV for various treatment tech- 
niques. The quantity of scattered radiation reaching 
the "protected" intra-ocular structures at the former 
voltage is appreciable and may be sufficient to give 
rise to a cataract 5n spite of the shielding used. 

For the rare retro-ocular tumours, particularly 
those assoriated with the optic nerve, an entirely 
different type of technique is available. This 
technique, using 220 kV X rays with a light device, 
depends on the use of a temporal and nasal field, the 
eye being protected by fi.xing the gaze away from the 
incident beam of radiation so that the anterior 
segment of the eye lies outside the beam. A tech- 
nique of this kind was originally devised at the 
Royal Marsden Hospital (Walton, 1952) for the 
treatment of inira-ocular lesions affecting the 
posterior segment of the globe and it can in e.vcep- 
tiooaj cases be used for small posterior orbital lesions 
w’hich are unassociated rvith marked proptosis and 
when eye movements are full and the patient 
can actively co-operate. 

(3) Doiage 

There is a material variation in the radio-sensi- 
tivity both of the various component tissues of the 
normal eye and the differing orbital neoplasms 
«K»umercd, Thus the outer eye, comprising the 
lids, conjunctiva and cornea, tolerates radiation wcU 
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a light device only, being impracticable where 
ordinary closed-ended applicators are employed. 
The regions of total protection produced on the 
front surface of the eye in this way are equivalent in 
area to the direct shields used, although at 220 kV 
there is an additional peripheral region of partial 
protection which means that at this voltage “in- 
direct” protection is less satisfactory than “direct”. 



Description of apparatus 

“The difficulties presented by the employment of any 
method of ocular protection with supervoltage radiation, are 
due to the high percentage transmission of the radiation 
thiot^h moderation thicknesses of the normal shielding 
materials. For a reduction of the primary intensity to 1 per 
cent, a thickness of 7 cm of lead is necessary at 2 MeV. If it 
IS required to protect a small region of say 1 -5 to 2 0 cm 
diameter lying anywhere inside the radiation field defined 
by the diaphragm system, the inserted lead shield 7 cm long 
must alw'ays he along some ray through the target whate%er 





I i J 

r a 
I 




FlO. 7. 

Depth dose on a ray through the cornea showing the efTect 
of shielding Primary orbital tumour, 
a 2MeV67cmFS.D,Il 7mmCuH.V.L. 
b. 220 kV SO cm F.S D . 1-5 mm Cu H V.L. 


Fic 8. 

Depth dose on a ray through the cornea show mg the elTccf 
of shielding. Ctrcmomaof the antrum 

a. 2 MeV 67 cm F.S D.. 11 7 mm Cu H.V.L. 

b. 220 kV 50 cm F.S.D , 1 5 mm Cu H V L. 


A special apparatus for indirect protection {Figs. 5 
and 6) has been designed ond made at the Royal 
Marsden Hospital for use with 2 MeV Van dc Graff 
apparatus. I am indebted to Mr. J. Geilinger, who 
has designed the apparatus, for the following brief 
account. 


Its position in the field This kinematic problem has been 
soiled in the present insert holder by attaching the shield to 
one end of a sliding Perspex arc, whose outer surface is of 
the correct radius, moving through a brass clamp. Tlic 
Perspex arc terminates in a short length of Perspex tubing 
through which passes a brass screw to hold the required 
msert. A degree of freedom perpendicular to the moNement 
of the arc is provided by sliding ihe brass clamp on a plate 
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The absence of the eye simplifies technique of treat> 
ment by external radiation and also permits the safe 
use of radium application or implantation. 

(1) Post-operative irradiation of the socket may be 
given by external radiation or by contact methods. 
Externa! radiation can be used for massive recur- 
rence in the socket or for routine post-operative 
treatment after removal of the eye for an intra- 
ocular tumour showing extra-ocular spread, i.<. 
melanoma or retmo-blastoma. The technique is the 
same as described for orbital tumours using X ra^ 
at 220 kV; but the only structure requiring any 
special protection is the remaining eye. For local 
recurrence in the socket of very limited extent, a 
special socket radium applicator (Fig. 10) can be 
employed, an orbital implant (Fig. II) undertaken, 
or contact X rays used. 

The place of tclecune therapy using radium or 
radio-cobalt units at short disrinces xn the treatment 
of orbital tumours has not been discussed because 
the problems of protecting both eyes are consider- 
ably greater using these instruments than when 
using high voltage or supen’oltsgc therapy. For this 
reason the main indication for telecurie therapy is in 
the treatment of lymph node deposits in the pre- 
aurlcular or cervical regions. 

Fortunately, lymph nodes are rarely a problem 
with ptimary orbital tumours, being more com- 
monly encountered with secondary tumours. De- 
posits in lymph nodes occurring secondary to an 


orbital'sarcoma should alwaj-s be treated by tiia. 
therapy. Block dissection is occasionally advocated 
for cervical lymph node metastascs from lacrimal 
gland carcinomata or more frequently squamous cdl 
deposits secondary to paranasal sinus carcinoma. 
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Summary 

An account is given of the factor* governing the i«h- 
nlquea of treating orbital tumours, both benign wd 
malignant. A device for protecting the eye when tisiM 
2 MeV radiation is illustrated and briefly described and we 
principles of ocular protection discussed. An account is sUo 
given of some aimpJe technical methods of treating erbitsl 
mmoura after removal of the eye. 
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and any reactions occurring usually heal i^ithout 
serious or permanent damage. The normal cornea is 
very tolerant of radiation even when high doses are 
given — providing sepsis and trauma are avoided. Of 
the intra-ocular structures the lens alone is highly 
radiosensitive, a single dose of 600 r, or 1 500 r in one 
month, is almost certain to produce a cataract. Little 
is known concerning the radiosensitivity of the retina 
and uveal tract, but under therapeutic irradiation, 
they rarely seem to suffer damage from radiation. 


Secondary orbital invasion from cancer of the 
paranasal sinuses may prove most obstinate and 
high doses of 5000-6000 r in 4-6 weeks often prove 
inadequate, especially with extensive bone involve- 
ment. Secondary deposits from other primary 
tumours or spread from intra-ocular tumours can 
usually be controlled by doses of the order of 4500 r 
in one month, and the secondary manifestation of the 
reticuloses are as sensitive or often more so than the 
primary lymphoid sarcomata. 



Fig. 10. Fig. 11. 

Ftc lO Penpex radium applicator for post-operative treatment of a socket. The dimensions of the applicator are those 
of the eyeball and it is loaded with 5x5 tubes. 

Fig. 11. Orbital radium implant for recurrence in the socket. TTiis technique is contra-indicated if a sound eye be 
present on the affected side 


Tumour sensitivity and, therefore, dosage re- 
quired varies considerably. Thus the lymphoid sar- 
comata are radiosensitive and a dose of 2000-3000 r 
delivered over a month prove adequate for most 
cases. The rhabdomyosarcomata are very radio- 
sensitive, but in view of their tendency to immediate 
recurrence, full dosage over a long time period is 
advisable, i.t. at 220 kV, 5000 r in 6-S weeks; 
2 MeV, 6000 r in 6-8 weeks. The temptation to stop 
treatment soon after the disappearance of a tumour 
after a dose of 2000-3000 r should be resisted. 

l^acrimal gland tumours treated cither pre- or 
post-^pcrativcly also require full dosage, 400Ck-6000 r 
in 6 weeks, the lower dosage being employed with 

220 kV X ra)^. 


In treating benign lesions, safety must be sought 
in the use of the lowest possible radiation dosage, 
i.e, 50-100 r weekly to the granulomata for 4-6 
weeks, a single dose of 250-400 r for the angiomata 
repeated no more than twice in the course of a year 
or 18 months, and 2000 r in one month for the ner>‘c 
sheath tumours. 

B, Tjie Technique of Treating Orbital Tumours 
AFTER Removal of the Eye 
After removal of the eye or exenteration of the 
orbit, post-operative treatment may be required as 
an immediate measure because of doubtful or incom- 
plete surgical removal of all the tumour, or because 
of frank recurrence in the socket or orbital cavity. 
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may b© accompanied eitUor by no ftiUd or by only a «mall 
•static pleural effusion. 

In II of the patients under review with primary 
carcinomn of the breast, ovary, or cervix, or lymph-O- 
sareonia small pleural effusions were discovered in 
addition to the major recurring effusion in eitbor tbe 
peritoneal cavity or tbe contralateral pleural »ac neodiog 
treatment with radioactive colloidal gold. These small 
syraptorolcss effusions, in which tumour cells wore 
detected, either remained static or docte.'wcd over n 
period of somo months. 

It is well recognised that in some patients with 
malignant effusions considerable quantities of fluid may 
reaccumulato within a few hours of removal. Studica of 
the turnover of human Borum-albumin labelled with 
radioactive iodine and of water labelled with tritium 
(radioactive isotope of hydrogen) have shown that about. 
100 litres of fluid is transferred across tbe vascular, 
peritoneal barrier in twenty-four hours (McKee et al. 
1052, Prentice et ai. 1952, Mcrficnl Jtfumat 1054). 

It IS therefore readily umlerstandablo how small deviations 
from normal in either nbsorplioti or secretion could give 
rise to rapid accumulation of fluid. 



F<( 3.~5*ctlan of lunj »nd plours It woaht oftor Introplourol o4mlnlo. 
tratien of CO mC of ra4l«a<t>vo colloidal rolS. thowlac ioRltrotlon br 
mallf nant ctl<« (carcinoma of brout) mni tblchanlnf of plaura <!«• *« 
protroiilvo ercattlcatlon of Rbrlnov* oavdata { x IIO). 


Mode of Action of Radioactive Colloidal Gold 

The following mechanisms are moat likely to bo 
involved in inhibiting the formation of fluid (Andrews 
et ai, 1953) : 

(1) Tht proHuelion of tubfndolhthal fibron* would oblitcraUi 

regional blood-vossols and lymphatics and inhibit the oxuds- 
tion of fluid thorofrom In somo of tho present potioiats 
coming to necropsy, histological examination showed tbickon. 
ing and of the sorous membrane pravtoutly treated 

with intracavitary coiioidal geld (flg. 3). 

(2) T/ie promefien of adKemona between the visceral nnd 
parietal ioyots of tho troatod fwsrous membrane would diminish 
tho flurfftco area foaponsiblo for the formation of fluid Ortd 
partly obliterate tho available space in which fluid could 
collect. At nocropsy oxtonsive ndhoaions are often found in 
the treated cavity. Tho formation of adheeions U, however, 
not oRRontial for tho auccosa of intracavitary gold therapy i 2 
paticnu responded well for three or four months, and th«n 
aacites again developed, and laparotomy m both cooes showed 
that tho pontonciftl cavity wm free from eigniflcnnt adheatOTis. 

(3) Direc: Efftei of Irradialion on Tumour . — About 90% 
of the dose is due to beta radiation, with a half-depth vidue 
in tissue of only 0-4 mm ; tho gamma radiation amounts to 
only a small fraction. It j« thoroforo most iroprobaUo that 
those relatively small doses of irradiation produce any 

(! 26 ) 


appreciablo 
offoet on 
tumour sur- 
racca ao far 
na tho forma- 
tion of fluid 
is eoneomed. 
in some 
cases of ad- 
vanced mam- 
tnary cancer 
with pleural 
eflusions and 
diffuao mcia- 
staacs hor- 
mone thor- 
apy produces 
a urofnAlic 
rosponao of 
tho mota- 
atascs in soft 
tiasue and 
bones, whdo 

tho pleoral effusion increases owing (o the retention of Audi 
caused by nstrogens ami androgens. In these coses it can 
reasonably bo assumed that the pleural motastases are rcapoitd- 
ing in n similar dramatic fashion as the other secondary 
denoails, but that the pleural fluid incn*A.ws because it » not 
being ivsTTotciI by tho tumour, yurthermoro nontectab |I958) 
report that ibo intrapleural administration of nitrogen miBtard 
in casra of recurrent malignant cfTiisiona secondary to bTrort 
cancer give* rraulta aimilnr to those achieved by (rratmrat 
with coiioidal gold. Kxei'pt for non-apccifio general radio! 
mlmelic effects, nitrogen muabinl iloca not posses* say srlw- 
tive action on breast cancer j hcnco any benefit prodoted by 
tha therapy h more likely to be duo to tbe production of 
fibrosis than to any selective effect on malignant cell*. 
Technique of Admlnlsirafion of IntTacavitaty CollcWal 
Goiii 

Every effort i» made to remove all available flwd 
before the intracavitary instillation of radioacliw 
coUoidal gold, because fluid in the treated cavity wja 
Tcdnco tlio doso-rato lo llio aerou* rnembrane, il the gold 
particles remain within tho cavity. Fig. 4 illustrate* the 
effect* of dilution on tho aurfaco dose delivered by lOJj 
niC of colloidal ‘♦•Au. In practice, however, it U 
known that particles of colloidal gold are fairly rapjW 
removed from tho Intracavitary fluid and deposited la 
aggregates of various sixes in tho subendothelial con- 
nective tissue, llahii (1058) ha* suggested that * 
considerable volume of saline solution should be given 
aimultaneously with the colloidal gold because tbw 
procedure would accelerate the rtepositiou of gold in 
BUbendotbebal tissues. 

Patients presenting with large pleural effusions shoiuu 
bave the grenlcr part of the fluid aspirated one or t*" 
days before the start of treatment with colloidal gold ! 
if this step is omitted, it will only be possible, at the time 
of instillation of tho colloid, to aspirate thrw to fouv 
pints of fluid before distress, due to mediastinal shut, 
cBusce further attempta to remove tho remaining fluid 
to bo discontinued. 

In some patients with extensive infiltration of the 
visceral pleura associated with pulmonary collapse tbe 
removal of two or three pint* of fluid p^uces a eo5- 
siderablo negative Intrapleural pressure, which 
such severe pain that further aspiration has to he 
ahaAdoned. 

Peritoneal effusions are best aspirated with a 
(16 cm.) cannula having one or two aide-openings. By 
puncturing the peritoneum in llie para-utnbilic.il rcgi^*" 
« in possible to explore most parts of the peritoneal 
cavity. Where severe symptoms require urgent remo«‘ 
of fluid a polyethylene tube is introduced into the 
pcntoiiea! cavity, through the cannula before its with- 
drawal, and colloidal t“Au can then be instilled thniugh 
this tube at any convenient time. 
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and peritoneal effusions of malignant origin (Muller 
1950, Walton and Sinclair 1952, Ireton and Ullery 1956, 
Chang et al. 1957, llahn 1956). At the BOyal Marsdeu 
Hospital this form of treatment was begun in 1949 
(Smithers 1951), and the clinical and physical aspects of 
this form of irradiation were discussed by Walton and 
Sinclair (1952). 

235 cases of malignant effusions treated at the Royal 
Marsden Hospital between March, 1950, and March, 
1956, are reviewed here. Samples of fluid from a large 
number of these patients, both before and after the 
administration of intracavitary colloidal ‘**Au, were 
studied by Prof. R. J. V. Pulvertaft, of the department 
of pathology, Westminster Hospital, and Prof. P. C. 
Roller, of the Chester Beatty Research Institute. Using 
a wide variety of tissue>culture techniques Professor 
Pulvertaft has so far found it impossible to grow tumour 
cells found in these malignant effusions. Ho has kept 
such cells alive for four to six weeks, but has not been able 
to get them to multiply in vitro. 

Holler (1956) has reported his observations on the 
cytoiogical analysis of 08 malignant effusions. On the 
morphology of the cell population he classifles malignant 
effusions into two types : ( 1 ) effusions in which tho cells 
occur singly or in aggregates with wcU-defined cell out- 
lines (termed free-ccU ascites) and (2) effusions in which 
the cells form masses with indistinct cell boundaries. In 
the second group polymorphism of chromosomes and 
mitotic abnormalities are commoner than in free-cell 
ascites. KoUcr finds that the cell characteristics are 
influenced by the volume and rate of formation of fluid 
and by the intervals between aspirations After the 
intracavitary application of radioactive colloidal gold 
the total cell population and tbo number of dividing 
cells are much decreased, the range of ebromosomo 
polymorphism is greatly reduced, and colloid particles 
arc sometimes observed within tumour cells (fig. 1). 
which may show ecccntnc chromosome fragments indicat- 
ing damage caused by irradiation. 

The mam object of these cytoiogical investigations was 
to discover cell characteristics which would indicate the 
likely effect of intracavilary radioactive colloidal gold on 
the rale of fluid formation within the cavity concerned. 
U is griierally agiM-d that not more than lialf tho patients 
tr»ale,l dense ajipreciahlc »,i-nefll from this fonn of 
irradi.ation. It would therefore be most valuahte if 
patieni* who Would derive txneflt from tre.atment with 
iiitrv* avitary eollmdal *"Au iniild be sccufsteJy selected 
on the cytolngic.al ch iraricrii'tics observed in a small 
simple mI aspiMb-d fluid. 

.M ptewnt It is. uafiirtunstely. impossible to do this 
Tfie inttiflitiou of ra<1ioictne eolloid.il gold consistently 
trtlucrs the nuinlwr of tuinoiir cells m an effusion fur a 
time but often does nut change ihe rale of fomiation «»f 
the fluid, rioldic and llahn (lOio) base shown that 



f)«SCft*r>tion (rrofcitor Koltcr’s preparation), 

tumour cells are killed by irradiation with radioactive 
colloidal gold in routine therapeutic concentrations ; but 
there is no reason to expect that the reduction m the 
population of free-floating cells would in any way alter 
the rate of formation of the fluid. 

/Etiology of Effusions 

The cause of tbe formation of fluid in malignant 
disease involving serous membranes la unknown ; several 
factors may be concerned— o.g., increased transudation 
(secretion) ; dimmisbed absorption due to obstruction 
of venous and/or lymphatic vessels (fig. 2} ; and exudation 
of fluid Irom raw neoplastic surlaces. U is most unlikely 
that the last factor is ever responsible for tbe formation 



of any appreciable volume of fluid, bcc.iu*** paticnU 
coming to niHTopiy who have hail lr> have Urge quantitiM 
of fluid removed at tihori micrvali may not nbotr any 
MtcnMVv nroplaitic mvolvcmcnt of tbo s'*rou9 mcmlirane 
in quciuon . m a Arndromc large c ffunions 

arc at*W}T»>.'d affr the removal of an ovanan fibroma 
which way Ix' quite #m3lJ fonvcnwly, an. ctten»ive 
iniolvcfii^nt of a membrane — e.g., aubpleural 

rcmication m carcinoma of the litnr» 
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After the atJmiiUAlrafton of mtracavUary oollmrtal fjoW 
the patieiU in nursed m a special tipping be<l. (‘ouiitini: 
<ivfr the peritoneal nr the pleuriU cavity 14 done r«mtiiiely. 
and when this shows any re/;ious o( ahnoruiall.v IiIkIi or 
l/>w activity uii attempt ix made to nhtairi iiiofc utKfnnit 
diatrihutiun hy postural tippitiK. In only 2 cases was it 
considered necessary to remove the colloidal '••An duo 
to local excessive activity ; in hath patients (one pleural 
and one perUuneal) about half the admmlsU'ted dose was 
reoovoicd about twciity>four linurs after instillation, and 
no evidence of aiiv high-dose effects was ohserved. 

Contra>lndicution8 

(f a reasonable proportion of the fluid estimated 
climcally and radiofp-aphically cannot he aspirated, and 
if the patient's general condition is very poor and 
deterioratinc, the administration of radioactive gold 
causes considerable distress and (’cnerul systemic upset, 
thereby accelerating and making more unpleasant the 
terminal phase of the disease without any prospect of 
affording relief 

Assessment at Results 

Table i shows the effect produced by iiitrocavitaiy 

the. breast and ovary are the organs most aflc<-fed. The 
results are classified as follows : 


tabu: 11—26 PATIKHTM WHO MUHVIVEn A YEAR OR loNtUR 


Mile nf primsrj- iieoplnsni 

No. 

Survival lyr.) 

L-!-l 



4 


Ovary • ■ 

Lymphosarcoma {Hodgkin ■ 

diaeaae) 

ttectum 

Lang . • 

CVrvli 

I'okaown 

10 

a 

.i 

t 

2 

1 

1 

6 

2 

1 

1 

2 

1 

1 

2 



Unknown — In tliw group are includwl patients diing 
within four weeks of treatment ; patients who had required 
only one or two aspirations lieforo treatment and were 
apparently not forming fluid rapidly or in Bp|irecmb!e 
quantity . and eases in which no follow-up details were 
obtained aljout aspirations. 

(6) lltiettfii . — In this entegoiy are grouped patients given 


when an ovanan evst ruptured during removaf or peritoneal 
seedling deposits, with of without free fluid, were discovered. 
On these grounds twentv-four patients with ovarian carci- 
noma were given “ prophylactic gold therapy. neertu“e of 
wnle difTerenees in the stage of the discaso. tbn histology of the 
fesion. ard other forms nf additional treatment affurded - 
e g . supplementarv irradiation with X ravs or with mdium- 
it was im)ioi«Aible to a<vse->s the value of treatment with radin- 
oetivo colloidal gold in this group of patients : furthermore, 
tho natural history of malignant rhscaae of the ovarv is 
extremely variable. 

The term ••seedling deposits*’ has been used bv many 
surgeons and gyn-reologists to meludo metastatic lesions hs 
largo a* 2 cm. m diameter. Even in the absenro of adhcsinns 
It IS impossible to irrsiliot© uniformly overv aspect of the 
peritone&i membrane with radioactive rolloidul gold, because 
a laver of colloid 2 mm. thick (flg. is required to surround 



D 0.5 l.'o i.'s z.'d 2.S 
THICKNESS (mm } 


Vic t—TI>KSn*ii or fluid et celleldtl fsld plottad afalntt aurfaca 

doia. 

every •urfscc of the membrane, and, m spite of postural 
tipping, coils of gut lie closely apposed to each other and to 
the adjacent parietal peritoneum without anj' intervening 
layer of fluid. On these grounds it is suggested that uniform 
irradiation of the peritoneal cavity is best delivered by external 
means, ond that intracavitary gold therapy should only he 
vised a« a valuable supplementary form of irradiation which, 
liecause of its very superficial action and small iotegraJ dose, 
does not appreciably tower the general systemic tolerance 
or make vt necessary to decrease the dosage delivered by 
external irradiation 


tl) Uood InhibUion of FortiuUiun of Fluid — In this group 
are included patients who, before treatment, required numerous 
aspirations of large quantities of fluid at abort intervals 
.After the uistdlation of radioactive eollnidal gold the further 
formation of fluid was eompletelv* arrested, or only one or two 
aspirations were required over a period of many months. In 
this categorj’ ere 26 patients who survived longer than a 
year (table 11) 

(2) Some Inhihilion of Fonuatton of Fluid Under thw 

heading are classified patients m whom the rate of accumu- 
lation of fluid was retarded ; after treatment the fluid was 
aspirated at longer intervals 

(3) No Effect — In these patienu the amounts of fluid and 


Conclusion 

The adininiBtratiou of intracavitary radioactive col- 
loidal gold IB very olten the only possible form of treat- 
ment*' .* . ’ ‘ " I- I . I 

rapidl 

fating • . , 

resulta of thw therapy are by no means dramatic, but a 
gratifying proportion of patients obtain appreciable 
benefit m that the formation of fluid is inhibited. 
Summary 

T»ie results of treating' 235 cases of pleural and peri- 
tonc.-il effusions ol malignant origin with radioactive 
colloidal gold arc analysed. 
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activities of around looo to 2000 curies. These isotopes are used as sources 
of high energy radiation and because of their high activity they can be used 
at treating distances of 50 to 100 cm., thus giving the equivalent of super- 
voUage x-ray machines (fig. i). The 
‘radium bomb' (fig. 2), containing $ 
to 10 grammes of radium clement, has 
been in use in a number of radiotherapy 
units for many years. Such lowactinty 
sources require short treating dis- 
tances (i.e. skin-source distance) of 5 
to 8 cm. — because of the inverse square 
law the intensity of radiation falls of! 
rapidly. This type of apparatus is only 
suitable for the treatment of super- 
ficially placed malignant lesions, c.g. 
larynx and pharynx. Artificially prO' 
duced radioactive cobalt (““Co) may 
be used as the radiation source in place 
of radium element. 

RADIOACTIVE ISOTOPES USED 
FOR IMPLANTATION 
(i.e. INTERSTITIAL TECHNIQUES) 

In certain sites (e.g. tongue and urin' 
ary bladder) circumscribed malignant 
lesions can often be treated most 
effectively by local implants of radioactive substances directly into the 
growth and the immediately adjacent tissues. Such methods permit the 
irradiation to be confined to a small volume of tissue which can be treated 
to a relatively high dose 
level over a period of 
approximately seven 
days. If this technique 
is used It is essential that 
the radioactive sources 
should be implanted with 
absolute accunn^ and 
precision. Until recent 
years only radium 
needles or radon seeds 
were available for this 
method of treatmentand, 
because of mechanical 
and technical difficuldes, 
it was often impossible to 




Fig. I The _ telec*»iuin unn 

recently instaUed m the Do^vne 
branch of the Royal Marsden Ifot- 
pittl. Tins u the first apparatus of its 
kind m clinical use m this country. 
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RADIOACTIVE ISOTOPES 
IN THERAPY 

By NORMAN MACK AY, M.B.. F.R.C.S.E0., D.M.R.T. 

Asnsiant Radiotherapitt, Royal Marsden Hospital 

In 1948, artificially produced radioactive isotopes first became available for 
use in medicine in Great Britain. The early optimistic and ill-founded 
hopes of obtaining a high rate of dramatic cures in malignant disease by 
means of these isotopes has not been realized. Nevertheless, some of the 
artificially produced radioactive isotopes have contributed real and funda- 
mental advances in the treatment of many types of malignant disease, and 
in certain sites (e.g. polycythtemia vera) these isotopes offer the best form of 
treatment. 

The ideal method of treating malignant disease would obviously be by 
means of a non-toxic chemotherapeutic agent acting specifically, in a lethal 
manner, on neoplastic cells. In spite of great ingenmt), effort and expense, 
no such ‘aqua vitas’ has yet been discovered. Another approach to this vital 
problem would be the discovery of any substance possessing the character- 
istic of being speafically and permanently concentrated to a high degree by 
neoplastic cells. By artificial means such a substance could be produced in 
radioactive form and the malignant cells specifically concentrating such a 
radioactive substance would bring about their own destruction. At present 
the only such substance in clinical use is radioactive iodine and “*I). 

In the treatment of malignant disease artificially produced radioactive 
isotopes aie used in many and varied forms. The selection of any particular 
isotope technique is in large measure dictated by the exact requirements of 
the case under consideration. The wide variety of techniques available for 
the treatment of certain malignant processes by means of radioactive isotopes 
affords a most flexible, adaptable, essential tool to the armamentarium of the 
radiotherapist. The clinical applications of the therapeutic uses of isotopes 
are comparatively new, with the result that modifications and improvement 
in techniques are constantly taking place. 

artificially produced radioactive isotopes used for 

EXTERNAL IRRADIATION 

The great advantages of high energy irradiation in the i to 4 million volt 
range (i.e. supervoltage therapy), over conventional x-ray therapy machines 
of around 250 kV, have become fully appreciated in recent years. With 
such high energy beams skin reactions are minimal, systemic upset very 
much less, penetration is greater and higher tumour doses can be delwereJ 
with greater accuracy. Certain artificially produced isotopes {Cobalt-60, 
Ca?sium-i37) emit radiations of high energy and are now obtainable in high 
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‘hormonc-depcndence’ in tumour growth (e.g. breast and prostate) has 
become fully appreciated. On this basts various methods arc used to 
alter the hormone balance of the patient in the hope of inducing tumour 
regression. Cases of advanced carcinoma of the breast, ^vhich have 
failed to respond to all forms of routine treatment, may at times 



derive some benefit from 
pituitary ablation. This 
measure can be accom- 
plished by implanting 
a radioactive source into 
the pituitary gland (fig. 
8) by means of a long 
needle introduced trans- 
nasally through the 
sphenoidal air sinus and 
the floor of the pituttarj' 
fossa. Pellets of radio- 
active 5fttrium oxide 
(•®Y) are most suitable 
for this technique as this 
isotope emits only beta- 
rays. These rays are highly destructive, but act over a very short distance, 
thus producing a small zone of necrosis and thereby a local ‘radiation 
hypophysectomy’. High-acti\*ity radon seeds were used in some centres, 
but the additional gamma-rays from this source possess much greater 
powers of penetration and some patients so treated developed delayed 
radiation-induced optic ncr\*e 
damage. Only a small propor- 
tion of patients treated by this 

technique derive any apprcct- ^ 

able benefit. ^ 

Beta-ray applicators. — Beta- 
rays penetrate the tissues for 
only very short distances (i to 
2 millimetres) and thischarac- 


FiC. 5 .*— Implantation of bladder tumour, using radio> 
active tantalum %vir«. 


I / 


terUtic is utilized in the treat- 6.-R„y.l p.u.m sarnarf 

ment of certain superficial for the implantation of radioactive gold grains, 

lesions. Beta-ray therapy is 

often used in the treatment of pathological processes involving the eye (e.g. 
Mooren’s ulcer, superficial punctate keratitis, rosacea keratitis, \'asculariz- 
ation of the cornea and allergic conjunctivitis). This type of radiation 
is most conveniently given by means of a plastic eye-shell (fig. 9), 
which is coated with radioactive strontium (’"Sr). Radioactive phos- 
phorus (“P) can be incorporated in poij’thene sheets and used in 
the treatment of certain skin conditions. 
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obtain accurate disposition of- the radioactive source. Many of the 
technical difficulties pertaining to interstitial techniques have been 
overcome by using artificially produced radioactive isotopes. 

Radioactive tantalum wire (^®*Ta), 
coated with a thin (o.i mm.) layer of 
platinum to absorb the beta-rays» can 
be implanted with a high degree of 
accuracy, by means of a special intro- 
ducer (fig. 3), into the muscle wall 
of the bladder in. certain cases of can- 
cer of the urinary bladder (fig. 4, 5). 

As these wires are flexible, they 
accommodate themselves to the vary- 
ing contours of the bladder wall, and 
when the period of irradiation has 
been completed they can easily be 
removed per urelhram. In the treat- 
ment of certain bladder neoplasms 
this technique offers many advantages 
over the older methods employing 
radium needles and radon seeds. Because of its flexibility tantalum wire 
proves a most suitable substance for the preparation of external applicators 
(moulds) used in the treatment of skin cancers, especially when convex 
or concave surfaces are involved. 

Radioactive cobalt needles are now often used as a substitute for radium 
needles. Small cobalt beads may be loaded inside thin nylon tubes which 
are used to implant malignant growths in certain sites; these flexible sources 
can readily be withdrawn from the 
tissues without having to perform a 
second ‘operation of exposure*. The 
implantation of platinum-coated gold 
grains by means of a special gun 
(Royal Marsdcn Hospital pattern, 
fig. 6) offcrsamosl convenient method 
of applying intcretitial irradiation 
(%• 7 )' Magazines, each containing 
15 grains, are irradiated in the atomic 
pile; they can be obtained at short 
notice and if not used can be rc- 
irradiaicd. The gun, wlicn primed, 
will deliver 15 grains (t.c. the contents 
of one magazine) at one lQ.iding. For 
routine use these grains ofTer many 
.id>- 3 ntagcs o»cr radon seeds. 

In recent years the importance of 



I'lC. 4. — raUiojctive ttnulum 
m potiuon >n bUdder tumour. 



Fic. 3.— Radioactive tantalum wire intro- 
ducer. 
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of mossy abnormal pre-maUgt«int mucosa. The proper management of this 
type of lesion requires treatment to be directed to the whole of the bladder 
mucosa. Thb aim can be atxompUshcd by using some form of intravesical 
irradiation. Such techniques can be administered by introducing radioactive 

colloidal gold via a 
catheter or by inserting 
into the cavity of the 
bladder a special type of 
balloon catheter (fig. 32) 
which is filled with 
radioactive bromine. By 
virtue of the provimityof' 
the radiation sources to 
the bladder wall these 
techniques give a rapid 
‘fall-ofr’ in the intensity 
of irradiation; it js there- 
fore possible to adminis- 
ter a high dose of irradi- 
ation to the surface mucosa and at the same time spare the underlying 
tissues of the bladder wall from excessive damage. 

RADIOACTIVE ISOTOPES IN LKJUID FORM USED SVSTEMICALLY 
In this category the isotopes in common use arc iodine and phosphorus 
(”P). The body cells deal with these artificial radioactive isotopes in c-xactly 
the same manner as their naturally 
occurring non-active counterparts. 

Radioactive iodine in the treat- 

merit of thyrotoxicosis . — *’•!, adminis- 
tered orally, offers a most satisfactory 
method of treating thyrotoxicosis, and 
the only factor which prevents this 
form of treatment from being uni- 
versally accepted as the method of 
choice is the hypothetical risk of 
inducing malignant change m the 
thyroid gland. Many thousands of 
patients have now been treated by 
in various centres all over the 
world and to date no case of thyroid 
cancer has been reported. If there is 
any real risk at all it must be ex- 
tremely small and after another few 
years elapse it is almost certain that 
will become generally accepted 



I‘io. 10.— Intr3*pcritoneaJ anseriion of 
roUioacUve colloidal gold for treatment 
of malignant peritoneal eStusiont 



Ftc. 9,— Eeta-ray applicator: strontium (‘'Sr) eyc»»heU. 
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RADIOACTIVE ISOTOPES USED LOCALLY IN LIQUID FORM 
Malignant disease arising primarily in various sites (especially breast, lung 
and ovary) often involves the pleural or peritoneal membrane, causing the 


formation of massive effusions of fluid. 
These effusions give rise to marked 
symptoms and require frequent aspir- 
ations. If left untreated the patient is 
soon reduced to a sorry state of misery. 

The instillation of radioactive 
colloidal gold (fig. lo) into the involved 
serous cavity, following the aspiration 
of as much fluid as possible, gives 
rise to appreciable benefit in 30 per 
cent, to 50 per cent, of patients so 
treated. A colloid is used in order to 
prevent the absorption of gold into the 
blood stream. After the injection of 
the colloidal gold the patient is tipped 
into various positions in order to 
bring all parts of the involved serous 
cavity into intimate contact with the 
colloid. Radioactive gold in colloid 
form emits mainly beta«rays, as well 
as a small proportion of gamma- 



7.— 'Radioactive gold grain implant 
of secondary malignant gland. 


radiation. The gold particles are fairly rapidly deposited on the serous 
membrane where the radiation gives rise to some degree of fibrosis, which is 
probably mainly responsible for the inhibition of fluid formation. The full 
- benefit from this form of treatment 
may take some weeks to manifest itself. 
Following the intracavitary insertion of 
' '*’2**' radioactive colloidal gold, effusions 

5, , ‘ ‘ often re-form quite rapidly. If this 

postoperative fluid gives rise to appreci- 
uble symptoms it can safely be aspirated 
— by then 

U ‘ ‘‘'4. nearly all the radioactivity has been 

K-'*' taken up by the serous membrane and 

It.' any fluid that is aspirated possesses 
I little or no activity, 

t'— ^Et Malignant disease of tlie urinary 

il*' V ^ ^ bladder may, in a small proportion of 

cases, first present in the form of 
multiple small superficial tumours, 
lm.8.-x.ny„t.lull,,h™ini:,nrit.m cprad o'cr all areas of the 

pellet implant of pituitary gland. bladder (fig, 1 1) with intcrv’cning areas 
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Smooth hyperplastic toxic glands respond to much lower dosages than do 
nodular glands. Patients with severe toxic symptoms should first be brought 
under control by bed rest, sedation and antithyroid drugs, because in rare 
cases can precipitate a thyrotoxic crisis. 

Following treatment by means of a small proportion {approximately 
TO per cent.) of patients will become hypothyroid; in the majority of these 
patients this state is only of short duration fi.e. 'temporary post-”U hypo- 
thyroidism’). The initiation of permanent myxcedema is at times purposely 
induced by in patients with severe anginal pain due to advanced cardiac 
disease; this brings about a general Imvering of metabolic rate. 

lodine-i^i in the treatment of carcinoma of the thyroid ghnd.— The 
initial hope that this isotope, by virtue of its highly selective uptake 
by the thyroid gland, 
would provide the 
answer to the treatment 
of thyroid cancer has not 
been realized. Generally 
speaking, only the more 
differentiated types ol 
growth show worth- 
while uptake of and 
then always to a much 
smaller degree than nor- 
mally functioningthyroid 
tissue. Hence it follows 
that in order to obtain 
maximum uptake of ^*‘1 
in malignant thyroid 
tissue as much normal thyroid as possible should be removed, and this may be 
accomplished by either surgical e.\cIsion (the more rapid method) or admin- 
istering a large dose of (ablation dose). About eight to ten weeks later a 
small tracer (i me.) dose of is given and its uptake is determined by 
external counting (fig. 13, 14). This is followed by a therapeutic dose (too to 
X 50 me.) and this procedure is repeated at two- to six-monthly intervals. The 
uptake of iodine in malignant thyroid tissue may be increased by the 
administration of antithyroid drugs for a period of two weeks before giring 
a therapeutic dose; conversely, the administration of any iodine-containing 
medicine should never be giventosuchpatients as it completely prevents the 
thyroid tissue from taking up iodine for many months. 

Radioactive phorphorm (®®P). — ^Tfeatment of polycythsemia vera by means 
of this isotope is now accepted as the method of choice. Patients with this 
disease have an increased blood volume and red cell mass and blood 
viscosity. Their numerous and distressing symptoms are due to these hemo- 
dynamic abnormalities, which can be verified by blood volume studies using 



Fro. S3 . — Estimation of radioactive iodine P**l) uptake by 
thivoid gland by means of acintillation counter. 
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I'jo. n. — Small luperftcial pipi11ari-tumour(i*5). 
WTien th« whole liladuer mucosa is Involved 
by luch lesions intfacas itary irradiation offers 
a suitable method of treatment. 



Fig. 12.— Balloon catheter for mtracavi- 
taiy irradiation, usin; radioactive 
bromine. 


as the best method of treating 
thyrotoxicosis. At present a very 
con 5 Cr>*ativc approach is gener- 
ally recommended and **‘I is 
rescr\-cd for specially selected 
patients: c.g. those over the age 
of 45 years, tltosc with recur- 
rence of toxic symptoms follow- 
ing partial thyroidectomy (here 
the results of a second operation 
arc poor and the risk of damage 
to the recurrent (ar^mgeat 
nerves higher), and those in 
poor general condition, as in 
cases of advanced cardiac 
failure. 

The radioactive iodine is 
given orally. On entering the 
blood stream the iodine is taken 
up by the thyroid gland in a 
highly selective manner, where 
it is used to form thyroxine. 
While conccntntcd in the gland, 
highly spcciBc and localized 
irradiation of the thyroid takes 
place; this irradiation reduces 
the activity of the constituent 
cells and thus brings about a 
cure of the disease. Various 
schemes arc used for estimating 
the dose required for any 
particular patient and the treat- 
ment may be given by means 
of a single dose or repeated 
smaller fractions. Some im- 
provement in symptoms is often 
observed after four weeks, but 
the full benefit of treatment is 
not evident until three months 
have elapsed. If no benefit is 
observed from a single dose at 
the end of two months, it is 
unlikely that any further im- 
provement will take place and 
the dose should be repeated. 
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SMOKING HABITS OF SCHOOLBOYS* 
Bonjuu) W, Raven 
O.B.3S., T.D., F.R.C.S. 

SURQBON TO TKB WESTKETSTSai HOSPtTAI. TBACniHO OROUT, 
AND TO TitK BOVAt MABSOEN HOSPITAt, rOKDOK 

Tas close connection between Bmoking tobacco and 
certain varieties of lung cancer has been conclusivoJy 
demonstrated. An endeavour should bo made to dissuado 
young people from etarting to emokc, and for this 
purpose It is necessary to know more about their smokiag 
habits. 

1 Summarise hero the information kindly supplied 
by tbo heads of 141 schools in thirteen counties of 
England. (6 preparatory schools, 60 secondary schoola, 
64 grammar schools, 19 boys’ public echools, and 3 
girls’ public schools.) 

No further mention need be made ol the preparatory 
schools; for the boys leave at 13-14 years, and the 
headmasters said tbat the question of smoking did not 
arise there. Three of them, however, thought that their 
boys should bo given facts about tho barm done by 
smoking. 

SECONDART senoow 

One headmaster reported that about 80% of lu* 
381 boys have had tfaeur first cigarette by the ago of 
12, and many then stop until the age of 14. Another 
said tbat, if the habit starts as early as at 8 yeara £t 
can be stopped ; but at 13 or over it is difFicuU to over- 
eomo without the cooperation of parents. Early smokers 
are usually boys in “ B ” and C " streams, who, being 
undistinguished scholastically, want to assort them, 
selves otherwise. 

Regular Smoktnp,~-lQ some schools to poor areas, 
many boys smoko at 9 and IQ. One headmaster said 
that in a poor district it is always possible to find boys 
who smoke at 11-12, iritb mcroaaing numbers in each 
succeeding year. The more “ invetcrata addicts *' 
arc found at 13-16. Another bc-idmaster thought tbat 
the proportion of regul.ir smokers is groining, and that 
at 14 half the boys are confirmed fimokere; bnt is 
another school not more than 6% were thought to b« 
smoking habitually by the age of 16. 

In a survey of 80 boya aged 14-16, 33 did not smoke. Of 
the mrookera, I who had stmted at 15 smoked two esgarettas 
a week; those who had started at 14 or 13 smoked seven, 
on the average ; those who had start^ at 13 smoked ten ; 
and those who had started at 11 nnoked t^nty-three. 5Ior« 
detailed figorea of another group are ehown in table i. 

In a school in a semi-rural area, smoking was less 
than average — certainly lees than the headmaster had 
seen in ecbools in industrial areas. 

Reatont for 5moiing. — . .1 

smoking aa a r*®*"' ' . • . 

tion and of ’ 

and others f r • • , iui> uabi t 

from parenri . • - lu youth clubs or cadet 

organisations “...iy ooys at school do part-time work 
and have money to spend ou cigarettes : soineiimea 
parents give boys money with which to buy cigarettes. 
Many headmasters said that boys smoked with the full 
coaseot of their parents, and others called atteurioQ 
to the lack of parental control and bod home conditions 
in certain areas. 


* A wsali part of the data from this mirvey was included in n 
lecture te the Royal Society for the PcoiDotion of Heahb 
on Apnl 3, 1957, and subsequently published ta tb« 
Afedieol Ogittr, 
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TABtX I— SMOKWO AUONO BOVS AOEB 15-16 



C%ftrett«e smoked tveeUr 

UKtefyAreUe (rr.) 

0 

1-5 

6-10 

11-30 

21-30 

31 

ToW 

(Non-smoken,) . - 

33 

18 

1 

3 

h 

. 

1 

« 

I6 

10 

10 

1 :: :: 


1 

1 


i 


I 

1 

1 

Total .. 

83 

31 

' 

5 


3 

T1 


E/fectt of Smoi.ing . — Few headmasters comraented on 
the effects of smoking. One said that more than half 
the smokers in his school agreed that the habit was 
harmful but wwo vague about tho effects, the footballers 
and athletes who smoko or haro smoked irregularlr 
wero equally divided on whether It affected then wind 
or speed, in a school which is keen on ewimnung the 
headmaster reported that, when teachers noticed that 
a good swiromcr begins to lose form and drop out of 
competitions, they often find that he has been smoking. 


TABte «■— SMOKUfO-HASlTS IK SOTS AflEO 16-18 


i 

A«e 

1 

No. ot 
smokeM 

No. ot DOO- ^ 

smokers 

AversSB so. «t 
ci^rrUes 
smoked 
per week 



6 

H 

!f 1 

(1 

5 

0 

\ Is 

^__J 

8 1 

* 



No outstanding swimroer can maintain his place when 
ho begins to smoke regularly. 

dfetiWs of Combofing (he Hahil.— An eiatnple from 
teachora and adults (especially parents) is esieotim. 
School rules against smoking are bard to maintain 
if parents do not cc-operate. Before tbo loaving-age wm 
toisod, on© headmaster used to cane boys with staiseu 
fingers, but such evidenpe is widely pxovideat nov. 
Of 60 headmasters, 54 wore in favour of giving boys 
factual information about the harmful effects oi 
cigarette-smoking. This was done already in florae 
schools, and in one of them there were few 
Many headmasters thought that the subject could bfl 
introduced during inetruction in hygiene, biology, ^ 
other science lessons for the boys in. upper forma. ^ 
few favoured instruction of the younger .boys; ene 
thought it could not be started too early. Some pointre 
out tho value of films, charts, and posters. It 
Buggoa^ that lectures could be given with good effect 
by visitors to the schooU, including doctors, athletes, 
and Service chiefs. According to one headmaster ibe 
strongest deterrent is the unfitness in athletes ca^sre 
by smoking ; according to another it is the cost of t»e 
cigarettes. One headmaster suggested that the Jlinistij 
of Education could do much more hy circulansing local 
education authorities ; that the dangers of smokuig 
should be publicised regularly (©.g., on telerisioD); 
that display matter and hterature should be distributed 
to schools ; that teachers should be asked to cooperate 
throQgh their associations ; and that blunt wanimgs 
should bo given from the platform by the head teacher. 
Another headmaster advised a more peritive approach 
to the problem — i.e., praising physical efficiency rather 
than decrying smoking. 



RADIOACTIVE ISOTOPES IN THERAPY 


red blood cells ‘labelled’ with radioactive chromium (®’Cr). These patients 
are best treated by ‘dextran’ replacement transfusion and simultaneous 
venesection, followed by the intravenous injection of radioactive phosphorus 
(approximately 5 to 7 me.). The whole treatment can be completed in two 


1'^' IN CARCINOMA Or THYROID 


to three days. Subsequent 
injections of are given as 


rOUNTEP AfTEH AnMlNlt^TPATlOM QP SOO 
^PRIMARY TUMOUR PREVIOUSLY TREATED BY 
SURCERY 4 t'TO 


required. In this condition the 
hsemopoietic bone marrow is 



hyperplastic; it therefore 
readily takes up and the 
radiation thereby received re- 
duces its activity. 

Lymphosarcoma in its 
diffuse and generalized form, 
presenting as massive enlarge- 
ment of many lymph glands, 
can be adequately treated 
by intravenous **P, which 
causes a dramatic reduction 
in the size of the nodes. 


Fjc. 14, — Carcinoma of thyroid: Detection of ^^‘^lo^Ctive phOsphofUS is also 
metastatic deposits by profile scan, using a often used in the treatment of 
scmtiliatton counter. ..u • 1 . • t . 

chronic lymphatic and myelo- 
genous leukaemia, by means of repeated small doses. 


CONCLUSION 

From this review it is obvious that artificial radioactive isotopes are an 
essential tool in the management of a large number of malignant processes. 
This therapeutic weapon is comparatively new and it is certain that it \vill 
be directed at many fresh targets in the near future. 


I wsh to egress my gratitude to Professor D. W. Smithers, Director of the 
Radiotherapy Department, Royal Matsden Hospital, who initiated many of the 
techmques referred to m this article, to the staff of the «otope and photographic 
departments, and to Miss Johnson, for their cooperation. 
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Liver Surgery in Relation to Diseases of the Colon and Rectum 
PRESIDENTS ADDRESS 
By Ronald W. Raven, O.B.E., T.D,, F.R.C.S. 

The relationship of the liver to diseases of the colon and rectum is a subject of academic 
and practical interest to surgeons. In a number of these diseases there are serious changes 
in the liver and the assessment of its condition is cssentiaj. Our knowledge of the 
behaviour of the liver under various circumstances has been enriched by the latest methods 
of biophysical and biochemical investigation. 

STOuenmE AND Function 

Since the detailed account by Bradley (1908) of the morphology and development of 
the liver an extensive literature on this subject has been built up. Electron microscope 
studies demonstrate the details of this lobulated compound tubular gland and unveil the 
structure of its polyhedral cells. It shows the protoplasm with its mitochondria, ergasto- 



FlG. 1. Fig. 3. 

plasm and inclusions of glycogen, fat and 
protein witnessing to the mtensivc metabolic 
activity within the cells. Other feature 
include the large-sized nuclei, the quantity m 
nucleoprotein contained within the distensible 
nuclear membrane and the fine network of 
chromatin granules (Figs. 1, 2, 3). 

Fio. 1 . — Electron microscope study of rat’s hvw 
showmg the general arrangement of the cells ana 
a large number of lipid granules in the cylopla^ 
(arrowed). X 1,250. (Courtesy of Dr Mercer). 

Fio. 2 — Electron microscope study of nt s 
liver showing only a part of two cells; the cm 
membranes are seen running obliquely down the 
centre and parts of the two nuclei m the comers 
farrowed). Mitochondria with their 


a single cell; on the right there is part of a nuto- 
chondnon; a large number of nucleoprotein 
granules and cytoplasmic membranes are also seen 
(arrowed). x37,500 (Courtesy of Dr. Mercer J 
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oiujrafAR SCHOOLS > 

In a group of boys aged 16—18 (table ii) half-of them 
wore smoking vritb their patents’ consent. At another 
school many senior boys had gwen up smoking (table lub 

Jffe tphfn Ihe First Cigarette is Smoked. — One head* 
master had seen a boy aged 11 ■with fingers stained with 
nicotine. Boys leaving one school wore questioned by 
the headmaster, who found that 6% had started at 
14, 10% at 16, 25% at 10, and 5% at n ; 65% had not 
started. Boys in industrial areas seemed to start earlier 
than boys in suburban districts. Mauy able and 
intelligent boys never smoked ; those who did often ha<l 
a less favourable background than others. Some 
grammar-school boys learn tbe habit from boys who have 
left the secondary modem schools at an earlier age and 
are at work ; others learn in youth clubs. With money 
from part-time employment some hoys have easy access 
to cigarettes. 


TABUE ni — SMORING'JtABrrS Of BOVS AOEO 16-18 


Fotm 

Average 

age 

1 (rr.. 

No. In 

1 term 

No. given up 

1 emoUng 

No. decided 
not to smoke 
in future 

Upper 1 

■, /{. 1 

17.11 

19 

19 

19 


16.10 










16.0 





16.0 




Total 


lOS 

69(64%) 

59(«%) 


^e^ular Sjnoking.-^Oae headmaster thought that about 
6% smoked regularly before 13, and 25% at 15-16, 
sometimes with the encouragement or conoitance of 
parents who regard smoking as normal. In one school 
of 465 hoys of varying social background there were 

f trohably 45 smokers, of whom 12 were regular. One 
leadmaater pointed out that when boys do smoke, 
fancy cigarette-cases and fingers heavily stained with 
nicotine are part of the ritual. 

The Type of Boy vho Smokes FeyuUirly. — On© head- 
master was certain that there is a link between smoking 
and unsatisfactory conduct at school ; the only boys 
he knew as juvonilo delinquents were also smokers, 
and he rarely found the habit among highly iutcUigent 
and well-behaved boys. In one school, the only 3 ^ys 
who had been convicted (in each case of theft from 
tobacconists) "were smokers ; the parents of 2 of them, 
fearing the effects of repression, had permitted them to 
smoke. 

iSmofcing Forbidden at School. — In only 6 schools was 
smoking forbidden. In 1, boys were caned if caught 
smoking— the yoimgest offender was aged 12, Several 
headmasters pointed out that smoking is ■very common 
in the teaching profession, and one remarked that 
boys have only to see the rush for pipes and cigarettes 
in " break ” to realise that their masters do not seem 
to take much notice of warnings. ^Masters, like parents, 
may feel difSdent about enforcing the rule. One bead- 
master had recently given up smoking to convmco 


a boy in the Vlth form that this could bo done ; but it 
had little effect on the boy. 

Combating the Ilabit. — 44 headmasters were in favour 
of giving factual information to boys on the ill effects 
of smoking, 7 were doubtful, and 3 were against it. In 
one school the doctor saw aU tho boys at least in their 
first and fourth years (ages 12 and 16), and spoke to 
them about tho ills of smoking. lu another school the 
Vth-form hoys suggested that advice should be given 
before 13, when many boys start smoking. It may be 
difficiilt to convince boys that tho danger is personal and 
not remote in time, and any semblance of tendentious 
propaganda in its presentation must be avoided. One 
headmaster who is against this teaching, said that many 
Vlth-form boys are willmg to consider objectively 
problems of modem life, but few base their pcrson.ol 
conduct on purely intellectual evidence. Another thought 
it unnecessary because in his experience smoking has 
been uncommon among boys for some years ; but he was 
unique in this view. Those who doubted the value 
of instruction held that because of tho example set by 
adults it is hard to iniluenco the adolescent ; more could 
be done by informal conversation between masters and 
boys, and the basic safeguard is stricter parental control 
and a more rigid enforcement of the law about the sale 
of tobacco. Several headmasters pointed out lectures 
by outside visitors could carry more conviction than 
advice from masters who are smokers. 

nOTS’ POBUC SCHOOLS 

The replies from tho headmasters gave the impression, 
on the whole, that addiction to smoking is less serious 
in public schools, though in one, where boys are punished 
if caught smoking, it is common outside tho surveillanco 
of the school. The ago at starting is later— often 14-15 — 
and many boys do not smoke at all until they have 
left school at 18. One headmaster said that on the wbolo 
there is less smoking by people in their teens now than 
ten years ago. In one school the boys arc permitted 
to smoke under certain conditions, and probably not 
half of them do so. One headmaster said that tho habit 
is formed at home during the holidays. 

In One school of 640 boys, of whom 350 wore over 16, 
about 6 BiDoked habitually before 17 and not many more 
between 17 and 18. At another school about two-thirds 
smoked and had begun at 16’/, on the average. One head- 
master pointed out that few of the boys leaving for 
universities smoked. 

Of 19 headmasters, 12 were in favour of giving factual 
infonnation to hoys, 3 thought it would bo of doubtful 
value, and 1 was not in favour. At one school two- 
thirds of 70 hoys leaving school thought instruction should 
be given at an early age before smoking is begun. 

GIRLS’ PUBLIC SCHOOLS 

Beplies from the headmistresses of 3 public schools 
suggwted that the problem does not exist in these 
schools. As one said. “ it is no longer considered clever 
to smoke." 

I wish to thank the Marie Curie Memorial Foundation for 

E ermiasion to study and publiah this mrormation, and the 
eedmastere and headmistresses for their help. 
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Aiiow/ng normal parenchyma 
in a case of chronic cbolecysiiiis. x3I. 



Fro. 6.— Uvcf biopv sbowDg ibe changes of 
moderately severe bilhuy dahtau— dibtatiOD of 
biliary sinusoids, pcri-IobuIar fibro^ lymphocytic 
inhltration and prolderaticm of bile duets. Cue 
of empyema of the eall-bladdcr. x32. 



reported 4 patient dM'’~ ' 

gave a detailed rej ' , . 

abscesses in the up • ' * • ’ . 4ua fus coiteagucs (1951) described 

one patient who de.w»o>*eu pylephlebitis and bver abscess^. 

(U) /n^ammarory/oel.— These arc ■ ■ '■ ■ I tissue. 

In fh<» hration 
IS ' ' _ . ■ • • : Jobufe 

is , • . -vMUJuou was described fco* Warren 

am " ' . ' / 

(iii) Inierlobular Aepor jna.—Infianunatoiy round-cell infiltration occurs into the inter- 
lobular connecliv'e tissue with frequent invoU^ment of the adjacent pareochyroa where 
necrosis develops. Later bile duct prolUemtioo and pseudolobulation occur. 

(iv) Hepatic fibrosis.—h large area of one lobe may be affected without nodular 
regeneration (Jones et ah, 195!). 

(v) Intrahepatic ihron^osis.-'^XbroaM are found m the hepatic blood vessels; oongesf/on 
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Its functions are many and varied ; they include the metabolism of pigments, carbohydrates, 
proteins and fats. It is an important excretory organ for bile constituents, toxins, drugs, 
and antibiotics; other functions are concerned with detoxication, storage, regulation of 
enzymes water, salt, hormones and the blood volume. 

Assessment of hver function.— This, must be done before operation and is required m 
many colonic and rectal diseases in order to estimate liver damage and safeguard it from 
further harm. Important work was done by Maclagan (1956) on liver function tests. 
The tests required for each patient are chosen according to the clinical condition in the 
light of the clinician’s experience. 

Liver function tesls.~-\n the interpretation of the resulU of these tests it must be 
remembered that a normal range can be found when severe liver damage is present because 
the parenchyma has a large functional reserve. Approximately one-tenth of the normal 
parenchyma is sufficient to maintain adequate function (Bollman and Mann, 1931) and 
this IS demonstrated when large primary and metastatic tumours are present. 

In the conservative treatment of ulcerative colitis a group of tests is done at intervals 
and evidence of increasing liver damage infiuenccs the decision to carry out surgical 
treatment. In patients with liver metastases. extensive liver damage as shown by a group 
of tests may exclude the necessity for an exploratory laparotomy. This group includes 
a positive urinary urobilinogen, retention of bromsulphthalein and alkaline phosphatase 
raised above 13 units. 


diagnosis can be a decisive factor in lengthening a patient’s life provided the appropriate 
treatment is given. Liver biopsy is performed at laparotomy, by needle aspiration and 
by peritoneoscopy. I prefer the first when the liver can be inspected and palpated and 
an adequate wedge of tissue selected and excised (Figs. 4, 5, 6 and 7). Experience is 
necessary to interpret the histological appearances for they differ from those seen in 
necropsy specimens. They can differ also in aspiration and surgical biopsies. The 
following are indications for biopsy: 

(1) To exclude liver disease when liver function tests are abnormal— One or more liver 
function tests can be abnormal when liver disease is absent and this may occur in chronic 
ulcerative colitis, as shown by this patient: 

Male age 38 with severe ulcerative colitis of five years’ duration preceded by amabic dysentery 
ten years ago. Liver function tests: Serum bilirubin 0 2 mg.%, total serum protein 6 6 grams%, 
thymol turbidity 5, thymol flocculation 2+, serum colloidal gold 4+, zinc sulphate turbidity 8, 
ammonium sulphate turbidity 3. Liver biopsy: normal appearance. Operation: total colectomy 
and anterior resection of rectum with immediate ileo-rectal anastomosis Post-operative liver 
function tests; Serum bilirubin 0-1 mg %, thymol turbidity 3, thymol flocculation 0. zinc sulphate 
turbidity 6, serum colloidal gold 0 

(2) To exclude liver disease when the liver is palpable. — A normal liver is often palpable 

■ . . J5 

Results. — A liver biopsy was considered advisable in 30 of my patients who underwent 
major abdominal operations. In •' • ' ' • • • of the liver was 

normal. The abnormalities disco • • '*.%), local fibrosis 

in 3 (10%), fatty degeneration in . ' (7%). 

The Liver in Diseases of the Colon and Rectum 
In view of the intimate vascular relationship between the liver, colon and rectum it is 
surprising that senqus effects are not produced more often m the liver by rectal and colonic 
disease Effective immunity against many liver infections may be provided by its rich 
blood supply. 

Hepatic lesions in chronic ulcerative colitis — ^These should be recognized so that they 
may be treated or to safeguard the liver from further adverse effects by surgical treatment 
of the colitis. In more than 500 patients studied at the Gordon Hospital serious liver 
lesions were uncommon. Liver function tests were done in about one-half, and approxi- 
mately onc-third of these showed minor deviations from normal, only a small number 
na^g severe changes. 

for . ■ • ■ ■ . ^ 

(VI i , ■ > ' \ 

the , ! . . 
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The patient’s condition gradually deteriorated and on November !6. 1953, a total colectomy and 
anterior resection of the rectum with an immediate lleo-rcctal anastomosis was performed, liver 
biopsy showed multilobular fine cirrhosis with some re^neration of the bile canalicuh (Fts 9) 
The patient has made a good recovery, 

(viii) Amyhid degeneration secondary to ulcerative colitis is extremely rare. 

Hepatic lesions in oma-h/ar/r.— Tlicsc have a frequency which is determined by the 
Incidence and cITlcicnt control of the prtrnary intestinal mfeetton. A dimirtulton has occurred 
because atneebiasis is now diagnosed earlier and treated more effectively. Dc Bakey and 
Ocbsner (1951) reported an incidence of liver involvement in 7-6% to 84-4% (average 
36-6%) tn necropsy eases, and m clinical eases from under I % to over 25% (average 8-1%) 
The abscess ts often single (70%) and usually alTects the right lobe (85%). 

The symptomatology may be entirely hepatic without any symptoms of dysenteo* 
Liver function tests, however, are normal. Radiological appearances include elevation of 
the diaphragm, consolidation of the right lung base and a pleural effusion. Treatment is 
with emetine hydrochloride or chloroquine diphosphate and if there is no response both 
dru^ arc given together. When an abscess forms, aspiration »s required in addition to 
these drugs and antibiotics and open drainage may be necessary when the wall is very 
fibrotic. When this type of abscess ss In the left lobe of the liver a left hepalcclomy is 
preferabie to open drainage. 

Pyogenic abicess of the hver . — Gangrenous appendicitis was common before antibiotics 
were available, and then suppurative pylephlebitis was greatly feared, A liver pyogenic 
abscess IS less frequent, however, th.in an amoebic abscess. Ochsner et af. (1938) reviewed 
186 eases of hver abscess during 1928-37, of which 139 (74-7%> were amoebic and 47 
(25 2%) pyogenic. At present, cholangitis following common bile duet obstruction is 
the most common cause and the second most frequent Is septicarmb- 

Other infections m the portal venous area caused hepatic abscesses in 10-2% of 
the collected cases and 8-4% of the personal cases in the report of Ochsner el a!. 
(1938). These included inflammatory lesions in the terminal Ileum, cecum, colon and 
rectum Kramer and Robinson (1926) reported a ease of suppurative diverticulitis with 
pylephlebitis and hver suppuration; a similar ease was reported by Whyte (1906). Other 
primary infective lesions arc bacillary dysentery, infected carcinoma of the colon and 
rectum, regional enteritis, prociilis and infected bxmorrhoids. Taylor (1949) reported 
the association of regional enteritis and multiple Jitxr abscesses. Alden (1944) reporicd 
a male patient who developed a liver abscess after the ligation of interna) hxmorrhoias; 
the abscess burst into the right anterior subphrcnic space which was drained with the 
recovery of the patient. 


htETASTMic Cancer in the Liveji 

Approximately one-half of patterns who die with cancer h.i\c liver metasiases. This 
vulnerability of the liver is due to its position in relation to the portal and systemic circu- 
lations, Its large size and the composition of its cellular contents. It is affected by many 
varieties of malignancy including carcinoma, especially of the alimentary tract, pancreas, 
uterus, breast, bronchus, kidney and adrenals; sarcoma; malignant mcl.moma; 
argenwJTinoma; neuroblastoma; malignant lymphoma and teratoma. 

Portal \ em dissemination is the main route of spread from the common sites of malignant 
tumours in the alimentary tract; those m other sites not connected with the portal system 
may gam entrance by invading viscera already connected, so that tumours in the ovary, 
uterus, prostate, bladder, kidneys and adrenals can metastasize to the hver. 

Segregation of portal blood in the hrer . — It has been suggested that blood from difTerenl 
abdominal organs does not mx in the portal vein and has a lobar distribution in that the 
left lobe receives a disproportionate amount from the superior mesenteric vein. Clinically 
one lobe of the liver is found sometimes to contain one or more metastases while the other 
appears free, this is important m relation to partial hepatectomy. We investigated this problem 
by iruectingO'l ml. of **Na with an activity of50#»c. into a small tributary ofthe portal vein 
and the subsequent passage of radioactivity through the right lobe of the hver was recorded 
by a collimated scintillation counter placed directly over the centre of this lobe. The 
counter was then moved over the centre of Oic feft lobe and the injection was repeated into 
a vein adjacent to the previous one. Our studies have not shown any marked asymmetry 
in the distribution of portal blood bctVveen the nght and left hepatic lobes. It cannot be 
posiul.ited. therefore, that a patient mth carcinoma m a certain part ofthe gasfro-mtestinaJ 
tract IS more likely to develop metastasis in one lobe of the liver than the other. 

Hepatic artery <fiJSc»»/ja//o«.~Mctaslases reach the liver from primary and secondary 
tumours in the lung. 

Lymphatic disscmmathn is an uncommon route. 
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and necrosis occur in adjacent tissues Throm^s of A*- and portal veins with 

massive ischaemic necrosis was described by KlecKner.e/ fl/‘ , ui - j 




I 


»ka livAr • ' ■ ' that fatty infiltration must 

■ ■ “ • • fl/. (1952) faded to find fat 

^?osS^n fa- ■ ' . ' ' --3) stated that fatty changes 

might cause hepatic insufficiency and cirrhosis. It may be a reversible process. 






(vii) Cirrhosis . — ^This is a rare complication. Kimmelsticl et al. (1952) found 11 cases 
in the literature; Jones et al (1951) found 3 cases in 91 cases at necropsy; Tumen et al. 
(1947) reported 5 cases in a series of 151 cases. Kleckner et al. (1952) noted it occurred 
in young adults with colitis for one to sixteen years. Ross and Swarts (1948) considered 
that anasmia, marked weight loss and protein deficiency cause hepatic insufficiency which, 
if uncorrected, progresses to fatty degeneration, and serious, irreversible changes. The 
nutritional factor may be the most important; deficiencies arise from the defective food 
intake, faulty absorption and protein loss in the rectal discharge. -The patients are also 
subject to a greater risk of serum hepatitis than the general population. Curhosis is 
usually indicated by jaundice, hepatomegaly alone or with splenomegaly, ascites, abnormal 
liver function tests and biopsy. In the Gordon Hospital senes there is only one patient 
with typical cirrhosis who is under my care: 

Female, aged 40, with a history of ulcerative colitis for two years treated conservatively, with 
tenderness over the pelvic colon and hepatomegaly. Investigations including rectal biopsy, con- 
firmed ulcerative colitis. Patient was treated conservatively for several months and Uver funcuon 
, tests were done at intervab with these results: 



Pre-operative 


Post-operative 


12.1 53 

106.53 

611.53 

24.3.54 

8.10.56 

Scrum bilirubin 

Serum alkaline phosphatase 
Thymol turbidity . . 

Thymol flocculation 

Gold flocculation . . 

Zinc sulphate turbidity . . 

0-3 mg % 
72 uruts 

3 

0 

0 

4 

M mg.% 
58 units 

6 

2 

3 

7 

0 8rog% 
56 units 

3 

1 

2 

8 

0 8 mg,% 
50 units 

5 

2 

1 

5 

0-5 mg % 
27 umts 

2 

0 

1 

3 



Total protein 

8 11 
gram% 

7-5 

gram% 
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Summary of siatistks.~\o. a series of t,{X)0 cases of carcinoma of the stomach, coion 
and rectum, the incidence of hepatic metastases was 222 cases (22*2%). In the totaJ senes 
a partial hepatectomy was considered possible in 4! cases (4*1%). In the series of 722 
cases with hepatic metastases, 41 cases (18*5%) are considered suitable in retrospect for 
a partial hepatectomy; the operation vras carried out in 6 cases {2‘7%). 

Scheme of treatment of metastaiic /iw «»rc/wm< 2 .~The management of the following 
groups of patients U described. 

(1) Metastauc Uver cancer front a silent primary tumour . — ^The liver symptoms and signs 
dominate the clinical picture. An exploratory laparotomy and liver biopsy confirm the 
nature of the hepatomegaly. 

(2) Silent fiver meiasiasis.—'Xhis is a frequent finding when operating for a primary 
carcinoma of the colon or rectum. 

(o) The primary tumour is operable. When there Is diffuse Uver involvement the abdomen 
js dosed for the patient’s life expectancy is short and palliative treatment is given When 
considerable liver parenchyma remains and its function is satisfactory the organ containing 
the primary tumour is removed. This may retard the progress of the liver disease. When 
hver metastases arc localized in one lobe a right or left hepatectomy is done four weeks 
after the prunary dbease is removed. 

(fe) The primary tumour is inoperable. Palliative treatment is given. 

(3) Helayed liver metastases after excision of ike primary tumour. — (o) There is no heal 
recurrence. When clinical examination indicates that one lobe of the liver is affected 
It IS confirmed by an exploratory laparotomy and if there are no other demonstrable 
metastases or recurrences a left or ri^i hepatectomy is done. 

(6) Local recurrence is present. Palliative treatment is gtven. 

Hestiiis of hepateetomy operations for secondary cancer 

Left hepateetomy . — A survey of the cases reported, including my own, revealed the 
following results. A left hepatectomy was performed In 16 patients; 7 pHieats were alive 
and well 4. 9, 11, 12, 13, 18 and 20 months later; I patient was alive with disease 5 months 
later; 5 patients died 12, 18, 24. 24 and 24 months later; 3 patients were lost sight of. 
A local excision of (he metastasis was performed in 7 patients; 3 patients were alive and well 
6, 8 and 48 months later, 1 was alive with disease 15 months later; 3 patients died 4, 7 and 
8 months later. 

Right hepateetomy.— 'A survey of the cases refKirted, including personal communications 
and my own, gave the following results. A right hepatectomy was performed in 1 1 patients; 
4 patients were alive and well 12, 18, 18 and 18 months later; 1 patient was alive with disease 
6 months later; 2 patients died 4 and 24 months later; 4 patients were lost sight of. 

SWELUNGS OF THE LlVER WHJat SIMULATE MaUGNAKT TuMOURS 

Liver swellings occur which resemble malignant tumours and a wrong diagnosis may be 
made. Surgeons are familiar with “nodules” in the liver which may or may not be 
metastases. In these cases further investigation should be made. A biopsy of the 
“nodule" is performed, an operable primary tumour is excised and partial hepatectomy 
considered later. When a biopsy is not possible and the primary tumour is operable the 
operation desired to cure the primary diseaw is performed. The following swellings 
are considered in this connection. 

Liver anomalies . — A good account of these was given by Cullen (1925). A hepatic lobe 
such as Riedel’s may increase m size fomung a tongue*Uke projection from the right lobe 
which reaches into the right iliac fossa. It is more frequent in females. It may cause 
intestinal occlusion, as in a case described by Cullen when the hepatic flexure of the colon 
became adherent to the liver and tanked. Numerous furrows may occur in the liver 
substance forming intervening lobules which are sometimes pedunculated. Multiple lobes, 
sessile or pedunculated, may be present in the postero-lnferior aspect of the liver. 

Liver cysts of vanow types occur; they include blood vessel cyst, ciliated epithelial cjst, 
lymphatic and retention cyst. 

Hydatid cysh— According to Dew (1953), 75% of hydatid cysts occur in the liver; the 
right lobe is affected four times more oRen than the left. There are two varieties, the first 
is a umlocular cyst which slowly increases in sire, the wall may become fibrosed or calcified 
and sometimes the cyst is infected and filled with pus. In the second the outer cyst wall 
is absent and the itmfer germhiatlve and middle laminated layers invade the liver like 
a malignant tumour. 
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Spread by direct extension of a carcinoma of the hepatic and splenic flexures, transverse 
colon and other nei^bouring sites is common. The primary tumour ^comes adherent 
to Glisson’s capsule, an inflammatory reaction develops and malignant infiltration occurs 
across this adherent area. Liver necrosis then takes place and severe hemorrhage occurs 
into the peritoneal cavity, lumen of the stomach or colon and the patient presents as an 
emergency. 

Spread within the //vcr.— The vascularity of the liver favours intrahepatic spread. 
Invasion of the ri^t or left main branches of the portal vein causes mctastascs m the 

, . , 1 ^ segment is affected; invasion of 

. . , , • • • One parent metastasis can therefore 

Spread from the liver. — Metastases invade the efferent hepatic veins entering the inferior 
vena cava and are carried to the lungs. The inferior vena cava may be directly invaded 
(Wiflis, 1952), The Uver acts as an intermediary for pulmonary metastases from primary 
tumours in the portal venous area. Willis (1952) found 86 of these tumours with hepatic 
metastases had also produced secondaries in the lungs in 27; in 88 tumours without hepatic 
metastases, lung metastases were present in only 8. 

Incidence and operability of hepatic metastases from carcinoma of the stomach, colon and 
rectum. — An analysis was made of the relevant details in the case-records of 1,000 patients 

. n . .. w ..,4 

■ . ■ “ ual 

Table I. — Inctoence of Hepatic Metastases in Carcinoma of SroMAai, 

Colon and Rectum 

Site of Visual assessment— 


primary carcinoma 

CUnical assessment 

operation or necropsy 


Total 

No with 

Total 

No. with 


No. of 

hepatic 

No. of 

hepauc 


cases 

metastases 

cases 

metastases 

Stomach . . 

84 

27 (321%) 

276 

63 (22-8%) 

Colon 

37 

12 (32-4%) 

135 

33 (24-4%) 

Rectum . . 

102 

26 (25-5^ 

366 

61 (16 6%) 


223 

65 (29*1%) 

777 

157 (20 2%) 


The operability was assessed in 157 of the 222 cases with hepatic metastases; operation 
or necropsy was not done in the remaining 65 cases (Table II). 


Table II. — Assessment of Operability of Hepatic Metastases in 
Carcinoma of the Stomach, Colon and Rectum 


Site of 

Total No. 

No. of possible 
cases for partial 

No. of cases 
unsuitable for 
partial 

primary carcinoma 

of cases 

hepatectomy 

hepatectomy 

Stomach 

63 

14 (22-2%) 

49 (77-8%) 

Colon 

33 

10 (30 3%) 

23 (69-7%) 

Rectum 

61 

17 (27-9%) 

44 (72-1%) 


157 

41 (26-1%) 

116 (73-9%) 


In the ^ries of 157 cases assessed visually for hepatic metastases, 116 cases (73-9%) 
were ronsidercd unsuitable for partial hepatectoroy due to extensive liver involvement or 
other inoperable me ta s ta ses. This leaves 41 cases (26*1 %) with hepatic metastases considered 
operable for further analysis (Table III). 


Table III. — Details or Hepatic Mbtastases for which Partial 
Hepatectomy was Possible 


Site of hepatic metastases 
Left lobe Partial hepatectomy performed . . 
Right lobe. Partial hepatectomy performed 
Solitary metastasis in nght lobe 
Two metastases in right lobe . . 

Muluplc metastases in right lobe 
Direct insasion of left lobe 
SoLtary metastasb In left lobe. . 

Solitary metastasis — site not stated 
Two metastase»->«iie not stated 


Total No. of cases 
41 

3 (l2-2*/0 

.Jim 

4 (9 8V.J 

3 (7-3%) 

4 (9 8%) 

7 (I7 ib 


(H5) 



Clinical groups. — (1) In some patients the tumour is an inddenta! findmg, as in the 
appendix. 

(2) In other patients the symptoms are abdominal or rectal, depending on the site of 
the primary tumour. 

(3) Metastases usually occur in the regional lymph nodes and liver and the general effects 
are seen of S-hydroxytiyptamine secret^ by the hepatic metastases which passes into the 
blood without being converted by the liwr into the inactive metabolite 5*hydroxyindole 
acetic acid. The release of large amounts in the body produces effects resembling those 
of histamine release including a fall in blood pressure, dyspncea and Sushing of the skin 
of the neck. 

The following case record demonstrates the value of colonic and hepatic surgery in 
the treatment of this syndrome. A patient had a carcinoma of the cardia and lower 


metastases were exased by a partial enterectomy, right hemicolectomy and partial right 
hepatectomy (Fig. 10). 



Hetattctomy 

History — ^The development of hepatectomy operations during the nineteenth and twentieth 
centuries is divided into two periods. 

First period . — Segmental resections of the liver were performed with intrahepatic ligation of 
blood vessels, and considerable ingenuity can be discerned m the technique employed. The end- 
results of the nineteenth century were generally favourable for benign tumours, but much less satis- 
factory for malignant tumours Local recurrence or generalized metastases occurred frequently several 
months after operation. 

Second period — Lobectomy operations were performed with extra-hepatic ligaUon of the main 


DEFiNmoNs OF Partial Hepatectomy 

Wedge resection . — lesion at, or near, the antenor border of the liver is resected by 
two angular incisions. Elliptical resection . — ^A lesion superheiM in the substance of the 
liver is resected by an encircling ioctsioo. Transection . — Part of a lobe is excised by an 
antcro-posterior incision throu^ its substance. Left hepatectomy . — ^A left subtotal or total 
lobectomy is performed; in the latter operation the caudate lobe is included. Right 
hepatectomy. — The, right lobe is removed. 
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• lobe was involved. In about half the 

Certain chronic infective lesions can be mistaken for metastatic tumours: 

THfcercHtoj/i.— Randolph (1930) reported an autopsy on a patient who died after an 
operation for uterine carcinoma and found many discrete caseous nodules of inactive tuber- 
culosis in the liver which were confirmed histologically. Miliary tubercles occur in the 
liver in acute miliary tuberculosis and in chronic tuberculosis of lung and bone. Wolf and 
Flory (1945) reported a case of ileo-caecal tuberculosis with liver involvement. A tuber- 
culoma is sometimes found forming a caseating swelling, the lesion may be multiple, 
secondary to pulmona^ or abdominal tuberculosis. The swelling may become large 
and resembles a necrotic tumour or gumma. 

Syphilis,— Gumrm may be single or multiple in the liver, which is usually not enlarged 
unless chronic congestion or cirrhosis is associated. Liver nodules may press on the 
inferior vena cava and the openings of the hepatic veins into it causing ascites and enlarged 
collateral venous plexuses. Spontaneous healing is frequent leaving marked scarring 
and nodularity of the liver. 

Actinomycosis of the liver is usually secondary to actinomycosis of another organ and 
the infection reaches it by direct extension from the stomach, duodenum or transverse colon, 
or through the portal vein from the appendix, caecum, colon or ano-rectal region. 

Benign tumours may be mistaken for metastatic carcinoma*. 

Heemangiomaia are found more often in the liver than in any other abdominal organ. 
They arc usually small and found in the left lobe; when multiple they cause nodularity of the 
liver. They are red-purple, rarely protrude above the surface and are compressible unless 
calcified. 

Adenoma is not rare; it may be asymptomatic and discovered at laparotomy, or it may 
cause an upper abdominal swelling which presses on, or displaces, neighbouring organs 
and structures. Its consistence varies from soft to hard and it may be single or multiple 
(Schrager, 1937). 

Connective tissue tumours comprise fibroma, lipoma, leiomyoma and myxoma; they are 
usually small. 

Malignant lymphoma often affects the liver; the extent and nature varying with the type 
of lymphoma. Sometimes disaete nodules are found which simulate metastatic carcinoma, 
especially m lymphadenoma and reticulum-cetl sarcoma. 

Noduies of regenerative hyperplasia of the liver were reviewed by Begg and Berry (1953) 
when they collected 29 cases from the literature and added 4 more. The nodules were 
pedunculated (19 cases) or clearly delineated from normal tissue (14 cases); the majority 
had a nodular surface. Histological examination revealed a pattern usually associated 
with post-necrotic cirrhosis or subacute hepatitis. 

mi • • . ■ ...... , ; 

is. ■ ■ • , ' 

or • . , • . • . ■ • , . 

pr ■ • ■ , ■ .... , ■ ; . . 

rigiii looe. 

Biopsy of liver "nodule" is frequently necessary to determine its true nature. When the 
primary tumour is in the pelvic colon or rectum and the abdomen is opened through an 
infra-umbilicat incision visualization of the liver Is not possible. In these cases an 
aspimtion-biopsy is done by the method of Pack and Brasfield (1955); the surgeon’s right 
hand is introduced through the wound to identify the “nodule” in the liver so that an 
assistant can introduce an aspiration needle through the parietes which is then guided by 
the surgeon into the "nodule’'. 


The Mauonant Argentaitinoma Syndrome 
Cassidy (1930) described an association of symptoms and signs in a young male patient 
With an abdommal tumour and liver metastases who expwrienced a peculiar flushing of the 
skin m his face and developed pulm^nnr ,, a r.t,. . «• 
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proteins. Tagnon et at. (1948) carried out liver function tests in 20 patients Immediately 
after an extra-abdominal operation and found a significant increase in bromsulphthalein 
retention in 14. The effects of ^ving ether and Pentothal-sodium were not important. 
Geller and Tagnon (1950) investigated changes in the tests in 33 patients after major 
abdominal operations; in 17 of 22 there were abnormalities in the bromsulphthalein tesf; 
in 14 of 22 in the cephalin flocculation test, and 24 of 33 patients had abnormally hi^ 
serum bilirubin for several days. There was an increased production of bilirubin and 
post-operative impairment of liver function with blood transfusion. Keeton et a!. (1948) 
found the maximum excretion of urinary urobilinogen occurred on the third day after 
herniorrhaphy and cholecystectomy which returned to normal by the sixth day. , 

Causes of Liver Damage in Operations 

These include trauma, shock, anaesthesia and inanition. Anoxia in anssthesia or shock 
causes parenchymal damage. French et al. (1952) observed no difference between the 
effects of ether and cyclopropane; Geller and Tagnon (1950) found no changes in the liver 
function tests with nitrous-oxide gas. ether and oxygen, spinal anaesthesia alone and com- 
bined with Pentothal Sodium. Keeton et al. (1948) found that post-operative inanition 
affected liver function and a high caloric diet containing 2*6 grams protein per kg. resulted 
in a positive nitrogen balance. 

The effects of liver abnormalities can be greatly increased by even minor operations and . 
may cause death. For example hepatic coma may develop in twenty-four to forty-eight hours 
after a paracentesis. This procedure is usually necessary to relieve dyspnoea or severe 
abdominal distension, but it must be done with caution; when severe liver damage is present 
the operation is done in stages. Severe gastro-intestinal hsmorrhage is an important 
cause of hepatic coma; the retained blood may release ammonia. The hsmorrhage and 
shock are controlled and when practicable the blood is removed from the colon by an enema. 

Other precautionary ireament with liver damage.— is essential when the liver is 
tender, jaundice is present and liver function tests very abnormal. Protein deficiencies are 
rectified as much as possible. Avoid acute infeciions, maintain the urinary output and 
do not overload with fluid when oliguria is present and not associated with dehydration. 

Caution is n< . •••....<•- • . • * , • • . . , • . ..j 

hypnotics. . * * • ■ . ! ■ , ■ ' 

pethidine cai , • . . < .• • • • • ■ ■" ; 

barbital anc : ‘ \ 

chloral hydi 

be prevented and (he electrolyte and water balances maintained. The diet should be rich 
in protein, such as meat and fish, and 150 grams are taken with 350 grams carbohydrate, 
and 70 grams of fat. Vitamins and liver extract arc included but salt is excluded when 
ascites or cedema is present. 

Liver Regeneration following Hepatectomy 

The liver possesses goodjiower of repneration; Sebroeder (1906) quoted Ponfick who 


surgically and regeneration occurs promptly and almost completely. 
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Combined operations.— (1) In l-stage' hcpato-gastrectomy; hepato-CBSophago-gastrec- 
tomy hepato-cholecysteciomy; right hcpato-hemicolectomy. (2) In 2-stases: nght or 
left hepatectomy following a left hemicolectomy or an abdommo-pcrincal excision of the 
rectum. _ 

Principles of Technique 

Left hepatectomy (Raven, 1949).— The abdomen is opened through a transverse incision 
made half-way between the umbilicus and ensiform cartilage which commences 5 cm. to 
the nght of the mid-line and ends at the left costal margin; a second incision is made at 


now retracted to the right and the left branch of the portal vein, left hepatic duct and the 
left branch of the hepatic artery are ligated and divided. 

There are usually three main hepatic veins from the posterior aspect of the liver which 
join the inferior vena cava in the posterior hepatic groove. One vein passes from the 
right lobe and another from the left lobe, which open obliquely into the inferior vena cava; 
the third vein is from the middle of the liver and spigelian lobe and it pursues a straight 
course to join the main vein. The left and middle veins are ligated and divided. 

To remove the left lobe, an oblique antero-postcrior incision is made with the diathermy 
knife from the attachment of the round ligament to end posteriorly immediately to the 


region of the divided liver. 

Right hepatectomy (Raven, 1947; Lortat-Jacob and Robert, 1952; Pack and Baker, 
1953).— The same technical principles are applied to this operation. The abdomen is 
explored through a right paramedian incision which \% then extended into the pleural 
cavity through the ri^t eighth intercostal space. The right leaf of the diaphragm is 
divided radially towards the inferior vena cava. The right lobe of the liver is mobilized 
by ligating and dividing the round ligament, dividing the longitudinal and right coronary 
ligaments. The cystic duct is then ligated and divided; the nght hepatic duct and the 
right branch of the hepatic artery are ligated and divided. The nght branch of the portal 


tne mam right hepatic vein joins the inferior vena cava. 

Any bleeding vessels and small bile •-»— — j t . 

bare area is peritoncalized using the c • . . • • • ■ ' 

the hepatic artery, common hepatic i , . ■ i ■ , , 

then sutured and the right pleural cav,,/ a wmi imucivvaiei uuiuage, a sou ruooer 

tube is placed in position to drain the region of the divided liver and the abdominal wound 
is dosed. 

Effects on the Liver of Operations 

Experimental work has shown morphological and biochemical changes in hepatic cells. 
Cole and Leuchtenberget (1956) compared the histological appearances in dogs pre- and 
post-operatively. In the pre-operative liver the chromatin in the nuclei was finely granular 
and evenly distributed, but in the post-operative liver it was coarse, coalescent, distributed 
irregularly, and large rarefied areas were present. Hie nucleoli after operation became 
larger with irregular borders. The changes were most obvious three to six hours after 
^-.—... 2 - 1 . 1 ., j-n-—. thrcc OF fouF days later, and the 

These workers also found an increase 
following operation, but no change 
The interpretation of these results 
IS iiui yet^clear; ^they may indicate increased protein synthesis by the liver or the nresenee 


.c.L., fcauici iiiacuscs wciu lounu m Hiosc given blood transfusions. No changes 
occurred in the flocculation tests, and in 2 patients a mild fall occurred In the total serum 
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Hospital and {mtllute of Cancer Research: Royal Cancer Ifospltai, London 

INTRODUCTION 

Cancer of thl oesophagus presenls a peculiarly difTtcuh scl of treattneni 
problems. These tumours occur in a thin-walled, deeply placed tube 
liable to fatal perforation. The first symptom is usually dysphagia which 
comes on comparatively late in the development of the disease, there js 
often considerable delay in reaching hospital, and these patients when 
first seen by a surgeon or radiotherapist tend to be starved, wasted, old 
and ill Malignant tumours may spread widely up and down the length 
of the oesophagus, making it dilficult to define their precise limits ; many 
of them are poorly differentiated and have already metastasised by the 
time that the pattern comes for treatment. When I last published a paper 
on the treatment of carcinoma of the oesophagus thirteen years ago 
{Smiihers, 1943), 1 was able to find only one patient reported in the 
literature who had survived more than five years following resection 
This was the famous but quite unusual case of Torek’s, where the patient 
had had symptoms for as long as nine months before treatment but was 
still found to have a small localised tumour at the time of operation 
Several reports of patients surviving five years or more after radiotherapy 
were then to be found but they were scarce and some were unreliable. 

During the last ten to fifteen years, a great effort has been made to 
improve this position both by surgeons and radiotherapists, and it is my 
purpose here to review that effort, to try to see what has been achieved 
and to assess its present value There is no doubt that a new opportunity 
for surgery at this site has been created by modern anaesthesia, antibiotics 
and improved post-operative care and that this opportunity has been 
seized with enthusiasm by many and wjth great skill by a few. We should 
judge the value of this treatment by the best that has been achieved In 
1943 I gave an account of the first radiotherapeutic attempt to use modern 
three-dimensional dose distribution estimations combined with accurate 
beam direction to sec jf this might improve the results obtained. Radium 
bougie treatment had been shown to increase the perforation rate though 
it had an occasional success to its credit ; supervoltagc irradiation was 
not available ; and although radiotherapy had a good deal more to show 
to Its credit in dealing with cancer of the oesophagus than surgery, it 
was then still making its effort with out of date methods and inadequate 
apparatus. It is now clear that radiotherapy has at last a real opportunity 
to show what it can do for patients with cancer at this site through the 

• Paoer presented «l the 8lh InteHiAlional Congress of Radiology, Mexico City, 
July, 1956 
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THE TREATMENT OF CARCINOMA OF THE OEiOFHAGUS 


oejiophageal cancer reported here. The number of patients with adeno- 
carcinomas included is twenty-six : these are divided into upper third, 
one; middle third, four; and lower third, twenty-one. Each case of 
lower third adenocarcinoma has been reviewed and only included when 
good evidence for primary oesophageal origin existed. The individual 



Fis I. Selection for diagnosis of cancer of the oesophagus from all those new 
patients first seen at the Royal Marsden Hospital, 1 9.16-195 1, with adjacent tumours. 


reasons for this selection have already been given (Smithers, 1956). There 
are no known special methods of selection of the patients with oesophageal 
cancer coming to the hospital Most of these are sent to Individual 
members of the staff by general practitioners or come from other hospitals 
for radiotherapy (Table 1) The fact that it is a special hospital for 
malignant disease no doubt affects the selection, but it is difficult with 
tumours at this site to see how the material differs from that seen at a 
general hospital. 

The number of patients seen m each of the four four-year periods 
covered by this report, and the proportion of the total treated by surgery 
and by radiotherapy are shown in Table Tl. It has been our policy to try 
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use of supervokage X-rays and tetecune therapy units combined with 
accurate multiple-field or rotation techniques Again we should judge 
the value of the effort by the best that is being achieved with these new 
methods 

The number of five-year survivors following both surgery and radio- 
therapy— though still a pathetically small proportion of the total treated 
— has shown a definite increase I propose to present to you an account 
of the patients seen at the Royal Marsden Hospital over the period 
covered by the introduction of modern surgery and radiotherapy for 
oesophageal tumours — that is, from 1936 to 1951. I shall then try to 
compare these with the results obtained elsewhere to see if I can give some 
indication of where these changes are leading us and what we may expect 
from them as they come into more general use in the future. 

Royal Marsden Hospital results 

The upper and lower limits of the oesophagus arc not well defined . at 
the upper limit difficulty exists m separating tumours of the lower laryngo- 
pharynx from those of the upper cervical oesophagus — indeed, it may at 
times be impossible to do so Tumours of the lower end may arise astride 
the cardta, a strict division between oesophageal and stomach tumours by 
histological type alonfi is inaccurate, and different views about the origin 
of those adenocarcinomas which are confined to the lower oesophagus 
lead to differences in classification (Smithers, 1956). Selection of cases 
for reporting takes place m individual hospitals within the total seen 
and this must be considered as well as the usual selection which takes 
place by method of reference of patients to those hospitals in the first 
place. Arbitrary decisions must be taken about classification m doubtful 
cases ; U is important, therefore, to give a picture of the adjacent tumours 
from which a selection has been made if valid comparisons are to be 
attempted In a hospital where the results of treatment of patients with 
tumours of the laryngo-pharynx (Lederman, 1954) or stomach are also 
being reported, selection infernally is not likely to be biased in favour of 
including a few extra successfully treated patients from either anatomical 
extreme. The few survivors arc wanted on both sides of the dividing lines 
and cannot decently be put into two separate site classifications w-hen 
reporting the work done. In our own case, for example, if we consider 
the groups shown in Figure 1, there were seven five-year survivors out of 
the 125 patients with cpi-ocsophageal tumours (five treated by irradiation, 
one by irradiation followed by surgery, and one by surgery) and of the 
ninety-four patients with tumours involving the cardia. one survived for 
nearly nine years after insertion of radon seeds, and there were two patients 
who survwcd for four years after surgery 
Tlic classification adopted here has been based for the upper end on 
that of Lederman (1954), and for the lower end has been my own 
(Smithers, 1956). Figure I shows the internal selection which has operated 
in the Royal Marsden Hospital to produce the 314 new patients with 
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! Hf. 2. CAfCmoma of the oesophagus— Ro>at Marsden Hosplul, 1936-1951. 
focKfence of freatmeftt method used edch ysjr. 



DURATION Of SURVIVAL IN MONTHS 


Ftg T Distribution of survival times among 314 treated and untreated patients 
with carcinoma of the oesophagus seen at the Royal Marsden Hospital, 1936-1951. 
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to do something for all these patients unless their general condition was 
so poor or their disease so advanced that even an attempt at temporary 
relief of dysphagia seemed unwarranted. Of the sixty-five patients 
classified as “ untreated ” thirty-three had either a Souttar's tube inserted, 
a gastrostomy or jejunostomy, or some chemotherapy. The fate of the 
“ untreated” patients is shown in Table 111, 95 per cent, dying within 
SIX months and none surviving two years. Those treated by Tesection 
appear in Table IV ; there are only twenty, and 60 per cent, died within 
SIX months, 5 per cent, living more than two years. Table V gives those 
treated by irradiation, the major part of the total, 229 patients : 52 per 
cent, died within six months and 9 per cent, lived for more than two years. 

The trend in choice of treatment over the years is shown in Figure 2, 
and Figures 3, 4, 5, and Tables VI and VII show the results in different 
forms. 


TABLE 1 

Selection by Method of RereRENce Among 314 New Patients with Carcinoma 
OF THE Oesophagus Seen at the Royal Marsoen Hospital, 1936-195! 


M^ans of reaching Joint Consultation Clinic 

Hospital 

Patients 

Private 

Patients 

r 

Physician 

Old Patients previously attending . 

Method of Reference not recorded 

28 (11%) 

10 (4%) 

54 (21 %) 

24 (9%) 

92 (36%) 

9 (4%) 

37 (15%) 

13 (22%) 

9 (15%) 

4 (6’i) 

1 (2%) 

7 (12%) 

: (3%) 

24 (40%) 

Total .. . . 

254 

60 


TABLE II 

New Patients with Carcinoma of the Oesophagus Seen at the Royal Marsden 
Hospital, 1936-1951 


Years 

Number seen 

Not Treated 

Treated 

Per cent. 
Treated 

1936-1939 

79 

1 *9 

60 


1940-1943 

62 

1 10 

52 


1944-1947 

102 

29 

73 


1948-1951 

71 

7 

64 

90 

Total 

314 



249 

79 


fl55) 
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TABLE VI 

Survival of all New Patienit with Carcinoma of the Oesophagus Seen at the 
Royal Marsoen Hospital. 193^1951 



Number i 


Number of pdlienls known to be alive nt 











Y.ear 

Patients 

1 

2 


4 


6 

7 

8 

9 

10 


seen 

yr. 

yrs 

yrv. 

yrs. 

yrs. 

yrs 

yrs. 

yrs 

yrs. 

yrs 

1936 

It 

1 

lJ_ 

1 

1 

1 


■1 




1937 

19 

4 

rr 









1938 

22 

7 

3 

2 

2 

2 






1939 

27 

4 










1940 

18 

3 










1941 

17 

3 

1 






“n 



1942 

10 

1 

1 









1943 

17 

3 

2 

2 

1 







1944 

19 

3 










1945 

24 

2 

1 









1946 

32 

4 

1 









1947 

27 

6 

3 

2 

2 

2 

2 

1 

' 


(948 

20 

4 

3 

3 

3 

2 

2 

2 


1949 

12 

5 

I 

1 

1 

' 


/ 


1950 

13 

2 





X 



1951 

26 


1 







Totals 

314 

59 

21 

13 

12 

10 


rr 

2 



Per cent. 

100 

19 

7 

4 

4 

3 

2 

2 

1 





TABLE VII 

CARaNOMA OF THE OESOPHAGUS 

New Patients Treated at the Roval Marsden Hospital, 1936-1951 


Treatment 1 

Number of 
patients 
treated 

Survivors for more than. 5 years 

X-rays 

198 

/ 2 died with cancer present at 7i and 5J- years 

1 4 died of intercurrent disease without clinical 
7^ evidence of cancer at 5}, 6, 7, and 9 years. 

Radium 

31 

/ 1 alive without clinical evidence of caiicer at 
L 8i years. 

r 1 alive with cancer present at 7 years 

2< 1 alive without clinical evidence of cancer at 

Surgery 

20 

t 5i years. 

1 alive without clinical evidence of cancer at 8 years* 

Total 

249 

10 


•Operated on by Mr R. W Raven m 1948. 
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TABLE III 

Carcinoma of the Oesophagus — Royal Marsden Hospital 1936-1951 
Time of Death of Patients not Treated 



Number 

Died 

Died 

Died 

Died 

Surviving 

Years 



within 

within 

within 

more than 

treated 

3 months 

6 months 

1 year 

2 years 

2 years 

1936-1939 

19 

13 

4 

1 

1 

0 

1940-1943 

10 

6 

4 

0 

0 


1944-1947 

29 

18 

10 

1 

0 

0 

1948-1951 

7 

<■ 

1 

0 

0 

0 

Total 

65 

43 

19 

2 

1 

0 

Per cent. 

100 

66 

29 

3 

2 

0 


TABLE IV 

Carcinoma of the Oesophagus— Royal Marsden Hospital, 1936-1951 
Time of Death of Patients Treated by Resection 


Years 

' Number 
^ treated 

Died 

within 

1 3 months 

Died 

within 

6 months 

Died 

within 

1 year 

Died 

within 

2 years 

Surviving 
more than 

2 years 

1936-1939 

2 

2 

0 

0 

0 

0 

1940-1943 

1 

1 

0 

0 

0 

0 

1944,1947 

10 

4 1 

1 

2 

3 

0 

1948-1951 

7 

4 

0 

0 

2 

I 

Total ^ 

20 

11 

I 

2 

5 

1 

Per cent. 

100 1 

55 

5 1 

10 

25 

5 


TABLE V 

Carcinoma of the Oesophaous — Royal Marsden Hospital, 1936-1951 
Time op Death of Patients Treated by Irradiation 


Years j 

Number 

treated 

Died 

within 

1 3 months 

Died 

within 

6 months 

Died 

within 

I year 

Died 

within 

2 years 

Surviving 
more than 

2 years 

1936-1939 1 

58 

17 

15 

~ — 



1940-1943 

51 



11 1 



1944-1947 1 

63 

13 





1948-1951 ; 

57 

16 ) 

9 

" 1 

9 

6 

Total 

229 

55 

65 


32 

20 

Per cent. 

too 

24 

28 

25 ' 

14 

9 



TJU. TRkMMlNT Ot CARCJNOMA IM TMh ULSOPUAOUS 
Comparison of treatment resutts 

Unforiunatcly 1 can find no accounl of any group of patients treated 
for cancer of the oesophagus in which there is any description of either 
the cxiernai or tnternat methods of selection of the cases reported. The 
results chosen to be shown here arc divided into two classes : (1) those 
including all patients in whom a diagnosis of carcinoma of the oesophagus 
was made, whether treated or not — this otfers some reasonable basis for 
comparison if site incidence is taken into accounl ; and (2) those reporting 
only the treated patients — these are of interest but not really suitable for 
comparisons. All other papers reporting results in specially selected 
personal or treatment groups have been omitted. Table Vltl shows the 
results obtained in hospitals recording all patients seen, where a 
comparison may be attempted, and Table IX those in hospitals only 
recording all the patients treated. In the table including alt patients seen, 
the proportions treated by surgical resection and by radiotherapy arc 
shown together with the treatment method employed for each of the five- 
year survivors. 

At first sight it mtght appear that rather similar results are now being 
obtained by both surgery and radiotherapy in those centres where careful 
recording is practised. The differences, however, merit closer examination, 
in these reports, although we arc unable to compare the methods of 
selection from tumours of adjacent sites, we can examine the dlFTcfences 
in site distribution within the reported groups for indications of the sort 
of selection which may have occuned. When we do this it is at once 
clear that lower third tumours predominate in the surgical scries, while 
those in the radiotherapy series are much more evenly sited and contain 
a slightly higher proportion of upper third tumours. A few groups have 
been chosen to illustrate this point (Fig. 6). 

When we examine the individual results we see that surgery gets its 
best results in the lower third and radiotherapy m the upper third. There 
IS, therefore, bias in selection within a hospital for these sites according 
to the treatment method predominating there, as well as selection from 
without by reference of patients suitable for the particular form of treat- 
ment known to be in favour or the particular skills known to be available. 
If we look at Sweet’s surgical results (Table X), for example, we see that 
his five-year survival rate for carcinoma of the lower oesophagus and 
cardia is 15 per cent, but for the cervical oesophagus is nil ; at the Royal 
Marsden Hospital where radiotherapy predominates at this site, almost 
the reverse situation exists (Table XI). Knowing that series such as 
these two represent very difTcrent selection from the total of persons 
suffering from this disease, wc must be extremely careful in drawing any 
general conclusions about the treatment of tumours at all sites in the 
oesophagus from the overall figures produced by either surgery or radio- 
therapy alone. 
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Fig. 4. Carcinoma of the oesophagus— Royal Marsden Hospiial. 1936-1951. 
Survival of patients according to method of treatment used. 



fig. 3. Carcinoma of the oesophagus— Results obtained at the Royal Marsden 
Hotpual for the three periods. 1936-1938. 1943-1943. and 1949-1931. 




THE TREATMENT OF CARCINOMA OF THE OESOPHAGUS 


SORGICA L SERIES 


UPPtO lH)t)D k 
UPPLO UMIT 

MIDDLE THtRO 

LOWER THtRO t 
CAROIA 


TANNCft (I9SM &welT {l«S4) 



fRANKLtN t 
SHIRMAN(I9S2) 



RAOtOTHERAPEUTIC SERIES 


URPCA THIRD t 
UPPER LIMIT 
Miocvt Third 

LOWER Third t 
Caroia 


ROVAL MARtOtN KOHLER (l9Sl) 
HOSPITAL (ittA) 



NIELSEN (l«4S) 



Fig. 6 Cvrcinonu of the oesophagus. Proportionaie dUtnbutlon by site in 
E«leclC(l surgicjl und rjiliotherupculic series. 


If we lake all ihc reported five-year survivors following any trealment 
for cancer of the oesophagus which we can find, irrespective of whether 
they come from hospitals reporting all patients seen or not, and chart these 
by site and treatment method (Fig. 7) we see ai once how this pattern is 
maintained. We do not know how many of the lower third tumours 
treated by surgery were adenocarcinomas and might have been classified 
by others as arising In the stomach. Surgery, nevertheless, is gaining its 



PIf. 7 C-ircinomA of lh« oesophagu’. Survey of world litcrjiurc for five-year 
survivors classified by site and treatment. 

The OS iiicludea in this Figure ari. ihu^e rcgiurieU in papers Marred in ihe list orrcTerences 
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RiSOLIS Of TuEATMfNr OF Carcnoma of the OISOPIIAOUS IN Centobs Refortino all Patunfs Sien 
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tHE TREATMkNT OF CARCINOMA OF pu OFiOPHAGUS 

successes predominantly in the lower Ihird of the oesophagus Nvhere access 
and reconstruction are easiest, and radiotherapy m the upper where 
involvemenl of inaccessible lymph nodes below the diaphragm is least 
common. While so little success is obtained with tumours in the middle 
of the oesophagus and while radiotherapy continues to gel rather more 
survivors than surgery in this group, its other advantages weigh heavily 
tn Its favour as the method of choice for these patients. With the mini- 
mum of discomfort, with a stay in hospital of a few weeks (usually most 
helpful for a starving patient who can then be properly fed and cared 
tor) and with virtually no treatment mortality, the majority of these 
patients, treated by modern methods, swallow well again until their 
death. Their total survival time in comfort greatly exceeds that currently 
secured for the surgical group. 

The over-simplified statements that cither surgery or radiotherapy 
because it produces a 15 per cent, five-year survival rale is therefore the 
ireatment method of choice for patients with oesophageal cancer at 
whatever site it arises, are grossly misleading. The depressing statement 
that what we are seeing now with our few five-year survivors from either 
ireatment method is merely the long term end of the natural history of 
the disease is nonsense unless this natural history is changing, since these 
survivors were not to be found before the introduction of modern 
surgical and radiotherapeutic methods. The more serious suggestion that 
most of the survivors following radiotherapy really had tumours of the 
luryngo-pharynx and most of those following surgery tumours of the 
stomach, is at first perhaps a little more diflicuU to refute. These patients, 
however, have been successfully treated for cancer whatever our opinion 
may be about detailed anatomical classification of site of origin, and a 
close look at these reports leaves little doubt that the majority now so 
reported are indeed primary oesophageal tumours. 

for proper comparison of results far more attention needs to be paid 
to selection both within and without the reporting hospitals. For improve- 
ment in results real co-operative work between surgeons and radio- 
therapists is required to keep the balance. Both methods arc likely to 
improve still further m the next few years, they have their individual sites 
of maximum advantage, but competition to the patient's disadvantage 
instead of co-operalion to produce the best results is still far too common. 
There would seem to be a place for combined treatment in some cases 
either by pre-operative irradiation or by the use of radioactive gold 
grain implants (Fleming and Barrett. 1955), Since, without some radical 
change m getting the more favourable patients earlier to hospitals for 
their ireatment, no great further advance can be expected with cither 
method, a careful iseleclton is required by surgeons and radiotherapists 
together of the best possible treatment for each patient on existing 
evidence, rather than on future hope, unwarranted optimism, or un- 
shakable faith m persona! skill 
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TABLE IX 

RESULTS OF jRFATMENr OF CARCINOMA OF THE OCSOflUOUS IN CENTRES REPORTING 
ALL PATJENrS TREATED 


Hospital and City 

Years 

Total No 
of patients 
treated 

Number 

surviving 

2 years 

Number 

surviving 

S years 

Treat 

inentoi 


University Radiotherapy 
Clinic. ZOriLh 

1919-1951 

R.724 

>18 

7 

R 7 

ScMrer, 1955. 

University of Wisconsin 
Medical School, 
Madison 

1928-1941 

R8S 

i 

> 

' 

R.l 

Pohle and Benson, 
194), 

Christie Hospital iMolt 
Radium Institute, 

Manchester 1 

19)4-1913 

1 

R90 

1 


2 

Rl 

Second Stat Report, 
Holt Radium Jnsi . 
1945. 

Central Insiitote of 
RadioiheraDy.HeUmki 

19)6-194) 

R 296 

8 

2 ' 

R 2 

Kohler, 1951 

Massachusetts General 
& New England Dea- 
coness Hosps.. Boston 

1939-1952 

SIO) 

59 

18 

1 

SIS 

Sweet, 1954 

Radium Centre fur 
Jutland, Aarhus 

1941-1947 

R 217 

12 

1 

R 1 

Krebs. Nielsen and 
Andersen. 1949 


R.«^Radi<>(h«rapy : S.»Surtcry (Rcmcikmi) 

Niirr Auihi>raOiH«r about inaludingtumounorthacafdiaamonc those >n the lower oesophagus, and m 
several groups every survivor has not yei been followed for five years. 


TABLE X 

Carcinoma or iHt Oesophagus — ^Sweet, 1939-1947 
Five-yfar Survival bv Sitf. 


Slid 

1 

Number 
operated on 

Survived 
live years 

Per cent. 

Cervic4l-OesophiKu$ 

L«5 than 

8 

0 j 


Mid-Thoracic OesophaguT . 

70 


.1 

LowerOesophagusandCardia 

109 

Ifi 

IS 


TABLE XI 

Carcinoma of the Oesophagus — Royal Marsden Hospital, 1936-19SI 
Five-year Survival by Site 


Site 

Number I 

seen | 

Survived 
five years 1 

Per cent. 

Upper Third, including Upper Limit 
Middle Third 

52 1 

159 

6 

n-5 

Lower Third, including Lower Limit 

1 

(02 

1 


2 


Note. — In Iwo patients the site was not recorded. One patient had two tumours 
(upper limit and middle third). 



Reprinted irom recent advances in urology. Ed. Hanley (London, Churchill. 1957) p.148-175 


BLADDER TUMOURS 

by - 

D. M. Wallace 

A REVIEW of the available statistics relating to tumours at variou-s 
sites in the body will naturally give the impression that cancer at all 
sites IS increasing, partly due to more accurate diagnosis and partly 
due to there being a greater number of persons at risk in each age 
group. 

In order to obviate these possible errors Case (1956) has plotted 
the age of death of persons born in different decades from different 
forms of cancer. Cancer of the lung is thus shown to be causing 
death in greater numbers in progressively younger male age groups. 
Tumours of the bladder, i.e. carcinoma and papilloma combined, 
are also behaving in a very similar fashion. For each decade of men 
at risk deaths arc occurring from this disease at an increased rate 
in the younger age groups. 

Clemmensen (1956), working with the morbidity returns of the 
Danish Tumour Registry, has been able to show a similar increase, 
but the Danish figures which are cases recorded while still alive, not 
death certification, suggest that the Increase is occurring mainly in 
one group, the males living in towns. 

This selective increase in one group of the population raises the 
possibility of there being a common extraneous factor, such as 
environmental exposure as would be encountered in industry or a 
factor of changing social habits, especially diets, smoking, drinking, 
etc. 

The value of an accurate history, both of the patient’s occupation 
and of his habits, cannot be exaggerated, since only by examining 
adequate histories of large numbers of cases retrospectively will it 
be possible to select possible causative factors. 

148 


( 166 ) 
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INVESTIGATION OF BLADDER TUMOURS 


Culturg of urine -—a slanla urine ot the frst examinotton 
climinotes the factor of sepsis 


(?) I V Pyeloqrom 


This moy shoiv — filling defects 
renol function 
stasis of ureter 


If 


^ C ystoscopy under anaesthetic 

For Type popittory or solid 

Size -">• srrtad overoge or large 
Sose-^pedunculoted or sessile 
Surrounding mucosa 




Q BiOEsy. 



Resectoscope Co>d Punch Lowsieys cr Riches* forceps 


® Bimonuof under onogsthetic 


Complete refoxotion ond empty bladder 



Palpable but Polpobte but 

mobile inside infiilroting 

plodder 



Palpoble but Palpable but 

cKlrovesicol spread fixed to pcIviS 

though Still nubile 
in pelvis 


Fig. 3R Clinical Assessment of Bladder Tumours. There arc five 
main sections for a complete assessment. Omission of any one of 
these may mean inaccurate diagnosis. (From Roy. Col. 

Sury. Eni! ) 
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Classification of Tumours 

During the last decade the treatment of bladder tumours has 
tended to swing from radical surgery to either conservative surgery 
or to radiotherapy. Although this change in the approach to the 
problem has been partially due to the elaboration of new techniques 
in the field of radiotherapy, it is also partly due to the better under- 
standing of the disease process and to the appreciation of the natural 
history of the disease. 

Confusion has been caused by the numerous different methods of 
presenting results. Some series have been classified according to the 
histological type of tumour without reference to the extent of spread. 
Other series have been classified aorording to the extent of spread 
without reference to the histological type. Few series have included 
both factors. 

Assessment of the spread may be a clinical one or it may be a 
pathological one. It is obvious, however, that a pathological staging, 
although more exact, is only applicable lo cases where the tumour 
has been removed and, therefore, results based on this method cannot 
be compared with results of conservative therapy, whether endo- 
scopic, radiotherapeutic or chemical. 

It is only by applying a clinical assessment to all tumours and 
staging each case on the result of the clinical examination as honestly 
as possible that comparisons can be effected between various methods 
of treatment. 

The pathological staging, that is the extent of spread of a tumour 
as determined by the examination of an operative specimen, is an 
essential check on the accuracy of the clinical stage, but as it can 
only be applied to cases treated surgically it cannot be used for all 
series. The pathological staging will be more accurate for prognosis, 
but even this wiU vary with the extensiveness of the operation — one 
case treated by partial cystectomy only would be less accurately 
assessed than a similar case treated by total cystectomy and radical 
excision of regional nodes. 

The clinical staging of any bladder tumour will depend on 
the evidence collected as the result of a clinical assessment (Fig. 
38). 
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site for taking the biopsy better with an instrument he knows rather 
than one with which he is not fully acquainted. Punch forceps may 
produce better specimens, but in the presence of bleeding it may be 
difficult to identify the best portion of the tumour for a biopsy 
with any of these instruments. Lowsley’s forceps, used in conjunc- 
tion with a resectoscope sheath, is probably the best instrument for 
tumours of the posterior wall while Riches* forceps is better for the 
trigone, lateral or anterior walls. 

The second factor which alTccts the grading is the number of 
groups which arc used- Any classification having a large number of 
grades will have a lower correlation rate than a simpler classification 
with fewer grades. 

The third factor influencing grading is the personal variability of 
the pathologists so that, if possible, grading of biopsy material and 
grading of tumour material should always be undertaken by the 
same pathologist. 

The Institute of Urology has suggested the following histological 
grades. 

Papilloma. Where the fronds are delicate, the cell layer 3-4 cells 
thick, the nuclei pale staining and regular, the cell outlines well 
defined and of approximately the same size, and where the basement 
membrane is intact (Fig. 39). 

Papillary Carcinoma Differentiated. Where there is more disorder 
in cellular arrangement, where the cell layer is thicker and the regular 
palisade arrangement has been distorted, where the cells vary in 
size, the nuclei stain irregularly and mitoses may be seen. Although 
it is not seen in every case, a breakthrough ofthe basement membrane 
of the papillary process is indicative of a papillary carcinoma rather 
than a papilloma (Fig 40). 

Papillary Carcinoma Anaplastic. Where there is gross irregularity 
of the cell layer, nuclei vary in shape, size and staining charac- 
teristics, mitoses arc common, the basement membrane is broken 
through or cannot be clearly distinguished and the papillary pro- 
cesses themselves are misshapen and distorted (Fig. 41). 

Solid Transitional Ceil Carcinoma Differentiated. Where the 
papillary differentiation has been lost but where there is a reasonably 
well-defined growing edge to the tumour, where invasiveness is not 
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Clinical Assessment 

This method of grouping comparable cases together depends upon 
a clinical assessment of the spread of the tumour, and upon a study 
of an adequate amount of tumour tissue removed for biopsy 
examination. The clinical assessment depends on five main examina- 
tions. 

1. Cultureofthe Urine, Asterilecystitismaybetheearlysymptom 
of mucosal carcinomatosis. 

2. Intravenous Pyehgram. This may reveal abnormal kidney 
function, dilatation of the ureter, or a filling defect in bladder or 
ureter. 

3. Cystoscopy. The main features are size, surface (papillary, 
solid or ulcerative), single or multiple lesions, pedunculated or 
sessile and the presence of abnormal mucosa. 

4. Biopsy Examination. Taken cither by a resectoscope or by 
one of the punch instruments — Riches*, Lowsley’s, or the Thompson 
prostate punch. 

5. Bimanual Examination under Full Surgical Anasthesia. A few 
of the papillary tumours, especially the small ones, may be impalp- 
able, but even the papillary tumours with early infiltration can usually 
be felt if sufilcienl care is taken during the examination. The 
bimanual findings may be classified as impalpable, palpable but 
freely mobile within the bladder, induration of the bladder wall but 
no evidence of tumour in perivesical fat, a nodular mass in the 
perivesical fat but still freely mobile, or a mass that is fixed to the 
pelvic wall. Jewett (1946) was the first to emphasise the value of a 
routine bimanual examination under full surgical amesthesia and he 
was also the first to draw attention to the importance of infiltration 
as the main factor in prognosis. 


Histological Grading of Biopsy or Operatbe Material 
The value of grading from biopsy material has been doubled by 
several authors. There arc, however, several factors which may 
result in inaccuracy. 

Firstly, the method. A diathermy loop may result in charring of 
the material, but an experienced rcsectionist will be able to pick the 




Pio. 4U Tapillary carcinoma anapia&tlc. 
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Fio. 39. Papilloma. 



Fig. 40. Papillary carcinoma dinerentiated. 


( 171 ) 
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Adenocarcinoma. A relatively rare group — incidence reports vary 
between 0-4 per cent to 2 per cent of all cases. These may arise 
from the urachal remnant or as a result of glandular metaplasia. 
Adenocarcinoma is, however, more frequently due to metastatic 
deposits from an extravesical primary tumour, such as stomach, 
rectum, colon or prostate. 

Qinical Stage - 

The clinical stage of a tumour depends on an assessment of all 
available evidence. If certain parts of the examination have been 
overlooked it may be that the clinical stage recorded will be under- 
estimated. 

The Union Internationale contre le Cancre has*suggested that the 
principles of clinical staging should be based on 

T = evidence of direct spread of the tumour, 

N = evidence of invasion of regional nodes, 

M =- evidence of distant metastasis. 

The bladder is not, however, an organ whose regional nodes can 
be readily palpated and, therefore, the suggested staging is based 
purely on the evidence of direct spread, although when other 
information may be available it can be added under the appropriate 
section (Denoix, 1954). 

Evidence of Direct Spread 

Mucosal Stage (Tl). The tumour is cystoscopically apparently 
confined to mucosa. A mass, if palpable, is freely mobile Inside the 
bladder. The biopsy examination shows no evidence of infiltration 
and the intravenous pyelogram shows no dilatation of the ureter, 
although slight stasis or delay is often associated with mucosal 
lesions (Fig. 44). 

Muscular Stage (T7). Cystoscopically there may be cicatricial 
bands; on bimanual examination there is usually a diffuse, rubbery 
thickening involving a portion only of the bladder wall; biopsy 
material may show evidence of muscular infiltration, and the pyelo- 
gram, should the tumour be situated near the ureteric orifice, will 
show moderate or gross dilatation of the ureter if the intramural 
portion is involved in growth (Fig 45). 
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prominent, where the cells and nuclei, arranged in a fairly orderly 
fashion, are of approximately the same size, shape and staining 
characteristics (Fig. 42). 

Solid Transitional Cell Carcinoma Anaplastic. Where there is 
gross cellular irregularity, prominent invasive characteristics, with 
no well-defined margin, and where the nuclei vary in size, shape and 
in the intensity of staining (Fig. 43). 



Fio. 43. Solid carcinoma anaplastic. 


Squamous Cell Carcinoma. There are cell nests, keratinisation and 
prickle cells predominate. The general picture, however, must be 
homogeneous throughout since a solid anaplastic tumour with 
metaplasia may mimic this histological picture. It is important to 
distinguish between these two types of tumour, since the solid 
anaplastic disseminates rapidly, while the squamous-cell carcinoma 
disseminates late and usually kills by local interference with kidney 
function. 
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Other classifications that have been used-are: 
Jewett {mE) 

Stage A = mucosai 

B, = superOcian , 

B' = d4 
C = perivesical. 

Marshall {1956) (Fig. 48) 



C = perivesical 


D|, D, =s any stage with nodal involvement, local or distant. 
Dukes, Masina 0949) 

la » mucosal 
lb = muscular 

2 sa perivesical 

3 « perivesical with glands 

4 as pelvic fixation or any stage with metastases or more 

than regional node involvement. 

Riches (1956) 

A mucosal 

B as muscular and perivesical 
C perivesical with nodes or pelvic fixation. 

Poole- Wilson (1954) 

Superficial = mucosal and muscular 
Advanced *= perivesical 

The need of a uniform classification is paramount to enable 
comparison between scries of cases. The T.N.M. International 
would appear to fulfil this need. 

Bladder Tumours as an Industrial Hazard 
As there has been a considerable increase in the incidence of 
bladder tumours in the younger age groups the question of industrial 
or environmental factors must be considered in all cases of tumour. 
It has now been realised that the ” aniline dye-stuff workers ” are 
not unique in the liability to contract bladder tumours, and that the 
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Perivesical Stage (73). There is a discrepancy between the size of 
tumour seen cystoscopically and the size felt bimanually. There is 
more tumour outside the bladder than inside. The external surface 
may be nodular and the mass is hard but completely mobile in all 
directions in the pelvis (Fig. 46). 




Fig. 46. Perivesical sCage. 



Fk;. 47. Pelvic fixation or involvc- 
menl of adjoining organs. 


Pelvic Fixation (T^). The involvement of scar or adjoining organs, 
or tethenng of the growJh to the anterior or Jalcral walls of pelvis 
usually means that the growth is irremovable, without hope of cure, 
although technically removable for palliative reasons only (Fig. 47),* 

• The T.N.M. staging can be amplified, even at a later date, by the addition 
of information about nodes. Na impalpable. Nb palpable or N 4- or — histo- 
logically positive or negative, or by additional inrormation about liver, lung or 
bony metatases = M. 
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xenylamine are both readily obtainable and are being used in a 
considerable variety of industrial products. 

Melick (1954) in a recent paper has reported an incidence of II 
per cent of bladder tumours in workmen exposed to xenylamine, a 
chemical which was forecast as a possible carcinogen by Case (1954), 
and Walpole, Williams and Roberts (1952). Benzidine, also a 
constituent of dye processes, is a weH-r^ognfsed carcinogenic risk, 
so much so that bottles of this chemical are prominently labelled as 
carcinogenic by the manufacturers. 


TREATMENT OF BLADDER TUMOURS 

By far the greater number of bladder tumours can be treated by 
perurethral means, either by endoscopic resection using the loop or 
the punch, or by coagulation. The point at which various surgeons 
will select other methods will depend on multiplicity of tumours and 
infiltration. The presence of infiltration into the muscle layers is 
usually taken as a contra-indication to further endoscopic surgery. 
A bladder mucosa which is grossly abnormal, the site of multiple 
tumours both in space, i.e. occurring simultaneously, or in time, i.e. 
occurring at different sites over a period of time, may be considered 
as unsuitable for further endoscopic therapy. 

Milner (1953) and Chapman (1954) have both produced series of 
cases showing what can be achieved by endoscopic methods. 

Multiple mucosal tumours with areas of abnormal mucosa, often 
incorrectly termed papillomatosis, are usually considered to be 
beyond adequate control by diathermy. These cases may be treated 
by either total cystectomy of by some form of irradiation Total 
bladder irradiation by external therapy has been advocated, but 
satisfactory statistics are not yet available. It is, however, well 
recognised that external irradiation can effect a complete disappear- 
ance of these tumours in an appreciable percentage of cases. 

Intracavitary Irradiation 

The insertion into the bladder of radioactive material has been 
tried now for some years. These sources may consist of solid radium 



INDUSTRIAL HAZARD 


159 


risk is not due to the aniline as such but to the use of intermediate 
chemicals in the dye processing. It is these compounds, mostly 
aromatic, amino and basic in form (Goldblatt, 1947), that a're 
responsible for the production of bladder tumours, since other 
industries are also finding bladder tumours in the workers exposed 
to these chemicals. The full occupational history of any patient 



Fia. 48. Manholl's clinicopathological classiticstion. This staging 
can only be fully applied to cases treated by radical surgery when 
both nodes and bladder are available for pathological study. 
(Copied from Canctr.) 

with bladder tumours should be taken as a routine procedure, for 
although a sudden strong exposure to a chemical may produce 
symptoms of cystitis with hxmaturia very rapidly, there is usually a 
long latent period between the first exposure and the development of 
a tumour. In the case of ^-naphthylamine it is usually many years. 

Although the production of^^naphthylamine has been stopped in 
Britain it is still being produced abroad, while benzidine and 
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-InstilJing a radioactive colloidal solution into the bladder without 
a balloon has considerable theoretical advantages, since a fronded 
lesion will project into the solution and the fronds will, therefore, be 
irradiated on both sides. Jf a colloidal solution is used the risk of 
absorption is rninimal, and if the radioactive material (gold, yttrium) 
is mainly a beta enultcr only, a very superficial treatment will be 
given. The conservatism of the muscle of the bladder wall, and the 




F«a. 49. Intracavitary irradiation wth isotope soJuiion*. 

(<j) BaUoon: base of a bulky tumour js displaced out of zone of effective 
irradiation. 

(b) CcUoldai solution. Solution permeates between fronds but leaves 
small volume at base of a sessile tumour unirradlated. 

prevention of changes in the arterioles of the submucosal layers are 
both important if post-therapy morbidity is to be avoided. 

Interstitial Irradiation 

The treatment of single tumours of the bladder which have begun 
to infiltrate but have not yet spread through the bladder wall (T2) 
can be treated either by partial cystectomy or by interstitial irradia- 
tion. 

Interstitial irradiation can be divided broadly into two main 
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by iraclion. The bulkincss of a nylon shcalh, which is required for 
the elimination of /l-radiaiion, renders the cobalt sutures more 
cumbersome than the tantalum wire where the filtration is cfrcctcd 
by platinum (Vermooten, 1955). 



(0 (rf) 

Pkj. 5t. Injcfilon of untalum wire. 


(a) Needle invrted inlo bladder u-all clear cf ihc edpe of lumour. 
tt>> Needle in pmuion in bladder watt— hairpin of taniatum being 
inserted. 

(c) Needle wi(hdrav>-n— tantalum l>ing in bladder wall and loop tied to 
urethral catheter. 

((/) Wire inserted for tumour on anterior wall or bladder neck, sia 
retropubic space— withdrawn with retropubic drain. 

One of the criticisms levelled against interstitial implants is that 
frequently the tumour is completely removed by diathermy loop 
excision prior to implantation and, therefore, the result may be due 
to the excision and not to the implants. Several cases have been 


( 182 ) 
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groups: the removable implant such as radium, tantalum (Fig. 50) 
or cobalt \Wre; and the irremovable implant, such as radon, gold 
grains or chronic phosphate solution. 

Radium is readily available and can be used even in the smallest 
centres, but whether the results obtained warrant universal use is 
debatable (Higham, 1955; Darget, 1951). 



• . . -ja 


Fio. 50. X-ray of tantalum wire inserted into base of tumour. 

Tantalum is a flexible wire coated with platinum to filter off the 
iS-radiation. It may be regarded as “ flexible radium ” since it can 
be introduced by means of a twn boomerang needle into the base 
of a tumour and subsequently withdrawn down the urethra (Fig. 51). 
With a long half-life (four months) it can be always available even 
at short notice (Wallace, Stapleton, and Turner, 1952). 

Cobalt wire sheathed in nylon tubes is again flexible and can be 
darned through the base of a tumour, being subsequently removed 



166 


BLADDER T(J MOVES 


Partial Cystectomy 

Partial cystectomy, or, as it is also sometimes called, segmental 
resection, is viewed with disfavour in certain clinics, largely due to 
the disappointing results that have been reported over recent years. 
Where, however, a concct selection has been made, and where care 
has been used to operate only on cases that conform to the criteria 
detailed below, the results arc comparable, if not better, than the 
results of cases treated by more radical methods (Masina, 1953). 

The idea! case for partial cystectomy must be a single lesion 
showing no evidence of abnormal mucosa, patches of hyperplasia 
or a second “ seeding” lesion. The margins of the growth should 
be well defined, without any suggestion of submucosal spread. The 
position of the lesion should be such that a clear margin of at least 
an inch can be obtained between the line of section and the histo- 
logical edge of the tumour. 

The main contra-indications to partial cystectomy are multiple 
tumours, or evidence of mucosal instability throughout the bladder, 
or a tumour with an edge so ill defined that it is impossible to say 
where tumour ends and normal bladder wall begins. 

The multifocal tumours are evidence of a mucosal disease and 
any method that fails to treat the entire disease field is doomed to 
failure. A tumour with an indefinite margin is frequently of a 
relatively anaplastic type, tending to spread by veins or lymphatics 
under the mucosa for a considerable distance. Any form of con- 
servative surgery in these cases may be inadequate, since the line 
of section may transgress the lumour substance. In general it may 
be added that tumours on or near the base of the bladder are 
unsuitable for partial cystectomy, since an adequate excision in this 
region, which may necessitate rc-impIantation of one or both ureters 
or reconstruction of the internal meatus, is rarely achieved. 

Operative Detail 

Partial cystectomy is an operation that must be planned well in 
advance. At the cystoscopy under aniesthesla the probable lines of 
excision should be planned, especially in relation to the ureteric 
orifices and the internal meatus. Untess an adequate margin can be 
anticipated all hope of conservative surgery should be abandoned. 
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treated by tantalum wire alone without excision of the tumour and 
complete tumour regression has occurred. 

The irremovable implants — ^radon seeds or gold grains — have one 
common disadvantage in that when a technically bad implant Is 
made and the radioactive sources arc placed too far apart an area 
of bladder wall will be undcr*irradiated, and a local recurrence will 
be inevitable if active tumour tissue was present at this point. 

This lack of control of the amount 6f irradiation is not present in 
the removable implants, which can be left in situ for a longer time if 
necessary. Both radon seeds and gold grains generally remain in 
situ once they have been inserted, unlike colloidal gold or chromic 
phosphate which, when injected into a tumour, may remain there 
or may diffuse into the surrounding tissues. The infiltration 
technique cannot be checked for radiation distribution by post- 
operative X-rays as the solutions used are not radio-opaque, 
l^trcmely good results may be obtained in the hands of persons 
experienced In the technique of implantation provided the selection 
of cases is strict, and tumours which have spread through the bladder 
wall arc not ircatea by these methods (MiUen, 1950). 


External Therapy 

The role of external therapy is still not clearly defined. Super- 
voltage plants of two million volts or more can undoubtedly deliver 
a very large dose to a volume deep in the pelvis and would, therefore, 
be suitable for perivesical tumours that were unsuitable for other 
treatment. This method of treatment causes minimal skin reaction 
or untoward side effects provided the dose is given over a sufficiently 
long period. Unfortunately it is these perivesical tumours that are 
most likely to have spread to lymphatic glands and, although super- 
voltage therapy may control the primary tumour, the outcome of the 
disease may be decided by the metastascs. 

SupervoUage therapy can be used for irradiating the pelvic walls 
in cases where the primary tumour has been removed by local 
surgery. It may well be that this combination of surgery followed 
by supcfvoltage therapy will prove to be the most efficacious 
combination. 
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Others prefer to employ conservative methods first and cystectomy 
only when other methods have failed. It is, however, obvious that 
only when the limitations of the various conservative methods are 
appreciated, and only when the natural histories of the more 
malignant types of the disease arc understood, will total cystectomy 
be placed on a proper footing. 

In brief, however, the following are taken for the main indications 
for cystectomy (Riches, 1956). 

(1) Large, bulky, non-infiltrating tumours beyond the scope of 
cystoscopic diathermy, too bulky for intracavitary irradiation, too 
extensive for interstitial irradiation and where, owing to the wide- 
spread nature of the disease, open diathermy runs the risk of wound 
implantation. 

(2) Infiltrating tumours of the bladder base where the stage is 
more than muscular, or where the prostate or posterior urethra are 
involved, especially if there is evidence of multifocal origin such as 
areas of hypertrophic mucosa or 4^titis cystica or glandularis. 
Infiltrating tumours of the vault or even muscular tumours occurring 
with prostatic obstruction are also best treated by radical excision. 
Involvement of the bladder by growths of adjacent uterus, colon or 
rectum, cannot be treated in any other way than by total cystec- 
tomy. 

Total cystectomy may be a life-saving measure in cases of really 
severe hjematuria where, in spite of all other methods, the bleeding 
IS uncontrolled. It is infinitely better than opening the bladder 
blindly in the hope of applying diathermy to a lesion which is usually 
infiltrating. Radio-necrosis or the bleeding that sometimes occurs 
after external X-ray therapy, where there are changes in the arterioles 
or atrophy of the mucosa, may necessitate cystectomy even when the 
bladder is tumour free. Cystectomy is also indicated when a tumour 
has been treated by local interstitial irradiation, and subsequently a 
second tumour develops in another portion of the bladder, some- 
times of a completely different histological type. 

Finally, when a palliative transplantation of the ureters, even if 
supplemented by external high-voltage therapy, has failed to relieve 
symptoms, a purely palliative removal of the bladder may be 
justified. 
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At the time of the cystoscopy, loo, especial care should be directed 
to the mucosa at the base of the tumour, and also in the remainder 
of the bladder since it is only if the lesion is strictly localised that 
conservative surgery can be justified. 

Partial cystectomy may be commenced with a bladder distended 
or empty. The distended bladder may make dissection easier but 
carries a greater risk of spillage of tumour cells. A preliminary 
laparotomy should be undertaken in every case with inspection or 
palpation of the liver, para-aortic nodes, peritoneal surface of the 
bladder and pelvic nodes. It is only after confirmation of the 
operability that the bladder should be opened. It should never be 
necessary to open the bladder in order to assess operability or even 
to establish the diagnosis. 

Total Cystectomy 

Total cystectomy, that is removal of bladder, prostate, seminal 
vesicles and all the paravesical tissues, but not including a block 
dissection of the iliac nodes, has certain well defined indications 
which are accepted in the majority of clinics. It must be remembered, 
however, that this operation carries not merely a high operative 
risk but also a high morbidity rale in the post operative period. A 
mortality rate of 10-20 per cent must be expected if this operation 
is to be offered to all fhosc that might benefit; a lower mortality 
rate may be an indication of too stringent selection, while a higher 
mortality rate is indicative of attempts to achieve the impos- 
sible. 

The operation of total cystectomy is inevitably severe and should 
only be offered to the elderly when there is no other method of 
relieving symptoms. In the younger age groups the almost certain 
loss of potency may be an argument against too facile recommenda- 
tion of the operation. 

Indications 

The indications for total cystectomy vary among dilTerenl clinics. 
Some authors believe that only by performing radical extirpation 
of the disease at the earliest opportunity will the results be improved. 
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the thumb in front pressure is applied to the apex and the urethra 
cut. This mancBuvre is more certain to prevent accidental spillage 
from the urethra than any clamp yet devised. 

It is rarely possible, if an adequate excision has been achieved, to 



F«g. 52. Exposurebf bladder ha5c at total cystectomy showing vasa, 
ureters and vesicles. Incision between ^es^cJes opens into space of 
Proust. 


reperitoncalise the pelvic floor. In many clinics it is believed that 
a wide open pelvis is less likely to strangulate a loop of intestine than 
a tense diaphragm, perforated possibly with multiple small apertures 
through which a loop of bowel may prolapse. 
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Total Cystectomy, Operative Technique 
The modern technique of total cystectomy is based on the 
description by Millin and Mnsina (1949). The pre-operative care 
of the patient includes full biochenucal and radiological studies. 
The toilet of the colon has been simplified by the use of chemo- 
therapeutic and antibiotic drugs, one of the most popular now being 
a combination of sulphaguartidine and streptomycin given orally 
three times a day for three days before operation. A high colonic 
wash-out may be given daily for several days before operation, but 
never on the day of operation lest the fluid be incompletely evacuated 
pre-operatively. 

The bladder is emptied at the beginning of the operation and a 
formal laparotomy carried out with careful palpation of the iliac 
and para-aortic nodes, the liver and both kidneys. If the operation 
is to be completed in one stage the ureters are defined, sectioned as 
low as possible and rubber catheters inserted so that urine will drain 
away from the operative area. There is no harm likely to follow 
if, at this stage, the internal iliac arteries are tied on each side as in 
an abdomino-perincal excision of rectum. This step minimises the 
bleeding from superior and inferior vesical pedicles. The peritoneum 
is then incised along the pelvic brim to the sue of the ureters and 
joined as low in the rccio-vesical pouch as possible. At this point 
it is as well to remember (hat the object of the operation is to remove 
not merely the bladder but all the perivesical tissue, and that to 
achieve this the block of tissue removed should be thick enough to 
prevent identification of the bladder wall. A simple method of 
dissecting down to the vesicles consists of following the obhterated 
hypogastric artery to where it crosses the vas, then to dissect between 
the vas and the peritoneum to the crossing with the ureter, then to 
trace the ureter to the seminal vesicles. Between the seminal vesicles 
there is a layer of fascia which is incised to open into the space of 
Proust (Fig. 52). This space leads forward to the apex of the 
prostate. The vesical pedicles are clamped and cut and finally the 
bladder is tethered only by the two puboprostatic ligaments on 
either side of the urethra. When these are cut the apex of the 
prostate can be drawn upwards with resultant elongation of the 
urethra. With the index finger behind the apex of the prostate and 
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Papillary tumours of the bladder may co-exist with similar lesion 
of the kidney; the kidney lesion may precede the bladder lesion or 
it may develop after the bladder lesion. 

Papillary tumours may be of dilTerent histological types, existing 
together in the bladder at one moment in time. 

Papillary tumours have been recorded as apparently undergoing 
spontaneous remission after transplantation of ureters. 

Industrial bladder tumours due to exposure to either ^-naphthyl- 
amine, benzidine or xenylaminc are indistinguishable from, those 
tumours which appear to arise spontaneously. 

The urogenous (or water-borne factor) theory is based on the 
supposition that there might be an irritant — possibly of a chemical 
nature — in the urine which bathes the entire mucosa and initiates a 
field change over the whole of the urinary tract. If this were true 
it would explain the presence of mucosal hyperplasia occurring in 
many places In the bladder before the appearance of a tumour. 
These changes, sometimes taking the form of a mossy hyperxmic 
mucosa, cannot be explained by the seedling theory. By analogy 
with the known industrial tumours it might be supposed that this 
factor would have some resemblance to the metabolites of j8-naph* 
thylamine or to similar carcinogenic compounds, all of which are 
basic, amino and aromatic in structure. 

Experimentally the evidence for the urogenous theory is consider* 
able, based largely, however, on work with jS-naphthylamine. The 
original observation by Hueper, Wiley, Wolfe (1938) that after 
transplantation of the ureters, feeding dogs with ^•naphthylamine 
will no longer cause production of bladder tumours, was of funda- 
mental importance. Scott (1953), repeating these experiments, 
confirmed the findings but, in addition, in one animal which 
developed a stenosis at the uretcro-colic anastomosis with hydro- 
ureter and hydronephrosis, a papillary tumour developed on the 
ureteric mucosa at the site of maximum stasis. 

MacDonald (1954), by dividing the bladder into two halves each 
with the same blood, nerve and lymphatic supply but only one half 
in contact with urine, was able to demonstrate that only the bladder 
mucosa in contact with the unne was liable to develop tumours. In 
one of his dogs a fistula developed between the two pouches and in 



^ETIOLOGY 


171 


The ureteric transplantation is customarily left to the last, since 
the delicate stitching and the exact accurate approximation without 
tension of the colon to the ureter can easily be disarranged if under- 
taken too early in the operative plan. 

Radical cystectomy — that is, the removal of bladder, prostate and 
vesicles and also all the lymph nodes of the pelvic walls up to the 
bifurcation of the iliac arteries is more in keeping with cancer surgery 
elsewhere, but it is an operation that is practised in relatively few 
clinics (Marshall, 1956). Whether the removal of all the lymph 
nodes compensates for an inevitably higher operative mortality must 
await assessment in years to come. 

Possible /Ctiologlcal Factors of Bladder Tumours 

The stiological factors and natural history of bladder tumours 
have been investigated by many centres. The older theories have 
been based on the seedbng” mechanism, the idea that exfoliated 
cells from a tumour could implant on intact mucosa. MacDonald 
(1956) has shown that this can, in fact, occur in an empty defunc* 
tioned pouch of bladder and several authors have supported this 
possibility, but in the majority they have qualified the seedUng theory 
by postulating the presence of abraded or traumatised mucosa on to 
which the exfoliated cells adhere (Boreham, 1956; Ashworth, 1956). 
There is no doubt that implantation from a papillary tumour can 
occur readily in the presence of a traumatised mucosa ; implant- 
ation into a wound can equally readily occur, but in both cases the 
cxrt’cise of meticulous care and gentle handling of the tumour, 
using every aid to prevent scattering cells, can result in wound 
implantation being reduced to minimal proportions. 

The alternative theory to the seedlings mechanism is based on a 
series of clinical observations. 

Papillary bladder tumours may be multiple in space, i.e. multiple 
tumours present at one moment of time over the whole bladder. 

Papillary tumours may be multiple in time, i.e. multiple tumours 
involving the whole bladder but appearing over a period of years. 

Papillary tumours may co-exist with areas of widespread epithelial 
hyperplasia or mucosal changes. 
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this animal tumours also appeared in both portions of the bladder. 

Bonser (Bonser ct al.y 1954), by developing a technique for im- 
planting pellets into the bladders of mice, was able to show that 
j3-naphthylamine only rarely produced tumours, but that its un- 
conjugated metabolite, 2-aimno-l*naphthol, was highly carcinogenic. 
This experimental evidence all points to the presence in the urine 
of a chemical, more simple in form than jS-naphthylanune, acting 
directly on the bladder mucosa. 

The similarity between the industrial and spontaneously occurring 
tumours led to a search for some similar agent in the urine of the 
spontaneous tumour patients. The experimental evidence of Boyland, 
Harris and Horning (1954) indicates that the metabolites of 
tryptophan could apparently produce tumours of the urinary tract, 
especially if these were excreted in conjunction with other similar 
substances of a more general carcinogenic nature. The metabolic 
products of tryptophan, kynurenin, hydroxykynurenin,,antbranilic 
and hydroxyanthranilic acids are all amino, aromatic and basic in 
form and resemble the 2-amino-l-naphihol chemical structure very 
closely. These chemicals have alt been found in considerably 
increased amounts in the urine of patients with bladder tumours, 
especially multiple tumours by Boyland (1956) and Price (1956, 
personal communication) of Wisconsin. The normal urine contains, 
If any, only a trace of the substances. 

These chemicals have also been shown to be carcinogenic by direct 
implantation into the bladders of mice, using a simplified form of the 
Bonser technique (Boyland and Watson, 1956). These chemicals 
would normally be excreted in a detoxicated form in conjugation 
with a glucuronide, but it has been shown that urine from bladder 
tumour cases contain large amounts of the en^me glucuronidase 
which, in the presence of stasis or concentration, splits the conjugated 
compound to release the free acid. 

Although the evidence is recent it is accumulating. In at .least 
some types of bladder tumour there may be a factor — probably a 
free aminophenol compound — which is responsible for the initiation, 
if not the maintenance, of multiple tumours. This may well be the 
factor responsible for “ recurrences*’ over subsequent years if it is 
not suppressed or diluted. 
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VISCERAL LESIONS IN HERPES 
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The peripheral nerves and posienor and trigemmal sen- 
sory Tiervc roots contain not only various sizes of mye- 
linated, but also urmiyehnaicd " afferent " fibres. Distally 
the afferent Unmyelinated fibres originate (or end) as free 
nerve endings not only m the epidermis or dermts, but 
also between the deeper tissues, mcludmg muscles, 
periosteum, )omts, and fascia (Ranson and Davenport. 
1931 , Feindel, Weddell, and Sinclair. 1948) They also 
arise (or end) on the blood-vessel walls. Some of them 
are visceral in origin (Kuntz and Hamilton. 1938) All 
the evidence suggests that in the somatic (issues these 
fibres conduct impulses which give rise to diffuse, radiat- 
ing. compelling burning pain (sec Fulton, 1 949) 

In the posterior nerve roots jH the afferent unmye- 
hnaled fibres of the peripheral nerves, whether they 
originate in the skin, deep somatic tissues, blood vessels, 
or viscera, are grouped together laterally Division of 
the lateral part of these roots cuts the unmyelinated 
fibres, and now on stimulation of the peripheral nerve 
distal to the section no autonomic reflex changes occur 
as they do m mtact animals (Ranson and Davenport. 
19)1 , Clark. Hughes, and Gasser. 193S) 

Mode of Production of Lesions of Herpes Zoster 
The skin lesions of herpes zosier lie m the area of sensory 
supply of the posicnor and trigcminai nerve roots They 
manifest themselves firstly as a reddening of the skin 
followed by oedema and blister formation- -that is. ihe 
appearance of fiitid belwxen ihc epidermal layers Typical 
mfiammaioiy changes arc found m the skm papillae, m Ihe 
deeper pans of the conum and in the hair follicles -Sub- 
buianeous fat may also conum knots of mflammaiory cells 
Lewis (1927), in his classical researches, showed that irrita- 
iion of sensory nerves and the posterior nerve roots results 
in vasodilatation and the release of a vasodilator substance 
iK-substancc) probably htstamine, in the skm He further 
demonstrated that in cases of herpes zoster Ihe same substance 
was released in the affected tissues and that * bcrpetic and 
herpetiform eruptions occur as sequels to iesioos of the 
sensory nerve tracts , not only do they follow irritattve 
lesions of the (root) ganglion, but they are produced also fay 
lesions of those tracts distal to the ganglia themselves** It 
seems probable that the unmyelinated fibres of the posterwr 
roots with free nerve endings m the skin and other tissues and 
on the blood vessels ate those concerned. 

Ilei^ej Zoster and Lesions of Deep SomslJc Tissue* 
When zoster is of gangrenous type the lesions extend 
deeply and lead to much scarring. Glandular sweffing *fld 
joftammation tn the region of the affected skm lesions » 
usual and may precede the Utter (Bichclonse, 1907, Lebei, 
1920; Ramond, 1925), so that they cannot be due to 
secondary Infection of the skin The subcutaneous tissues 
fat. and muscles may contain painful and swollen »r«M 
identical in character with " fibrosiiis " and "myosins’* fsee 
Bram. 1931 i Wilson. 1940, Ford, 1946). Syneval efFosiotis 
occur in the affected areas and the /oints may becomt 
ankjloscd with fibrous tissue, fhe pencapsular loint tissues 


are often swollen and painful, and, when the band is affected 
this gives appearances indistinguishable from ihose cf 
rheumatoid arthritis, so-called “periarthritis chronica rheu- 
matica ** (Guillain and Pemet, 1910 ; Guillain and Rout3;.f, 
1913). The affected limb may exhibit oedema and ejanosis 
When the lower limb is involved, permanent pitting oedraa 
nuy remain (Wilson, J940). The muscles sometimes wjstt 
eit^r immediately or after a variable period. When a hi:!}) 
IS affected, tis bones may become osteoporotic (see ^hbafeisi 
1929>. or show SudeckT atrophy (Sudeck, )9J0) Schieicher 
(1949) describes chronic inflammatory changes in the rrarrow 
of Ihe affected bones. PJeu/al reactions and haemorrfjaik: 
pleural effusions may appear beneath zoster of the chest 
wall fCurrm, 1903 ; Mann, J931) or there may be jymptoirj 
and signs of irritation of the parietal peritoneum (Foni 
1946} 

In cases of ophthalmic herpes sterile inflammatory cbinies 
often o«:ur tn ihe eye. resulting in a panophthalmitis and not 
infrequently in the appearance of haemorrhages and ihrcrtv- 
boses in the retinaf vessels. Afterwards the eyelids may 
remain permanently oedematous. It ts reasonable to suppose 
that these manifestations in the deeper somatic tissues are 
produced In a manner analogous to those in the ikin- 
namely. fay disturbance in tfce immye/jnaied fibres of Ar 
posterior spinal and trigeminal sensory nerve roots 
Herpes Zosier Accompanied by Visceral Lesions 
Unmyelinated afferent fibres with their cell bodies w the 
posterior root ganglia run from the viscera uninterruptedly 
through the autonomic gangiia and white rami eemmufl?' 
caates to enter the posterior nerve roots with those from 
somatic tissues. The posterior nerve roots through Hhicb 
ibe afferent fibres from the vanous viscera enter the cord 
arc as fofiows (Lewis. 1942; (tltite and SfnitbwicL, 1947: 
Kuftfz, 1953) : 

Heart 
Lungs 

Oesophagus . . . - 

Stomach and duodenum 
IJver and gall-bladder 
r^ncreas . . . . . - 

Small antesuoe 

Appeodix aad ascending colon 

Epididymis 

Ovary, lesus. and suprarenal .. 

Bladder fundus i 
Kidney - ■ i 
Uicnne fundus ' 

Colonic flexure 

Sigmoid aad rectum . .. i 

Cervix .... , 

Neck of bladder, prostate, and urethra > 
ft might be expected that irritation of the unmyehnat*^ 
afferent fibres tn the posterior nerve roots or peripheral 
nerves, or their ceft bodies in the posterior root ganglia 
would produce changes not only in the skin and somal*^ 
(issues but also in the viscera. In his classical paper cd 
herpes zoster Head (1893) did not specifically mention 
viscera! fnvofrement In the fiteraiure on herpes zosier, ho* 
ever, there are a number of descriptions of localized visceral 
dists/rfaances accompanying the sfcm lesions. I have observ*® 
this association in numerous cases, of which Cases 1*8 ch” 
below are typical examples. These cases and those uk(" 
from the literature are summarized in the Table. 

Case I Male, aged 42 Ten day# before fee aiiended hot 
pual severe pains began in nght side of neck and shouWer. 
foitowed after three days by rash over nghl shoulder and frot'* 
back, and side of lower pan of neck Thr« days afierwards tie 
complained of cough. tWek mucoid expceioratioti streaked 
Uood. and some ftoarseness. fitam/nawn: Typical reunfu' 
xostcnc eruption in dittnbution of right C3 and 4 tegnwnwl 
tones with hyperalgesia No abnormal physical signs tn otlw' 
lysteras. Radiographs of c!ie« normal tBfyngosropy r«. 


C«'D4(7-f) 

D2-5 

04-1 

06-8 

07-8 right 

08 left 

09-10 

DlO-Li 

DIO 

Dio-n 

DH-Ll 

L2-3 

S2-J 
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round to back in distribution of right D ll-L I nerve roots. With 
onset of rash complete constipation set in. A barium enema 
showed marked spasm of ascending colon with dilatation of gut, 
distal to this. Constipation partly relieved by administration of 
atropine by mouth. With healing of rash marked post-herpetic 
pain remained, but more normal bowel function gradually 
returned. Two ye.irs after onset of herpes bowels still remained 
sluggish. 

Case 5. — Female, aged 62. Developed herpes in right D ll-L I 
distnbutlon With onset of rash' absolute constipation developed 
and persisted for three weeks, during which time no response to 
cnemala was obtained. Laparotomy performed, but no obstruc- 
tive lesion found in bowel. The ascending colon was, however, 
oedematous and engorged, and was excised. HistoloocaUy it 
showed non-specific inflammatory changes in all coats for a dis- 
tance of 25 cm. Rash faded and the scars healed within sue 
weeks, but pain persisted with some severity for nehriy two 
months. For next 10 years the affected region remained tender 
and bowel function extremely sluggish. Emptying never occurred 
without use of purges One month after developineot of the 
herpes her two daughters developed chicken-pox. 

Case 6. — ^Female, aged 60 Two weeks prewous to attendance 
at hospital she developed painful irritation of left lower abdomen 
followed by a herpetic rash passing to loin and back. Two days 
prior to attendance sudden severe frecjuency and burning micturi- 
tion began, and on day of attendance some haematuria occurred 
She was severely constipated Examination: Typical herpetic 
rash and hyperalgesia in left D 11-12 segmental areas of abdomen 
and loin Unne . albumin and blood ; catheter specimen : numer- 
ous R.B.C. and pus cells; no organisms present. Cystoscopy, 
marked redness and oedema of bladder fundus, chiefly on left 
side. Banum enema . marked spasm of ascending and transverse 
colon and diatation of descending colon. Treated with unclure 
of hyoscyamus. 30 nun. (1.8 ml.) t d s , with some relief of urin- 
ary symptoms and constipation. With healing of the skin lesions 
urinary symptoms and constipation gradually diminished, though 
both these and pain persisted during the next six months. 

Case 7 —Male, aged 50. Two months prior to attending hos- 
pital be developed severe left lumbar pain spreading mio left loin, 
iliac fossa, and front of thigh Three days later zoster appeared 
tn this area. At the same time he complained of diiSculty in 
defaecadon and constipation, considerable frequency of micturi- 
tion, difficulty u) emptying the bladder, and burning pam tn penis 
when bladder was full and during micturition. Symptoms at first 
severe, but dimmished somewhat in severity in coune of next two 
months. Visceral symptoms varied with pain Examination: 

of zoster scabs very hvperalgesic and corresponding to left 
D 12-L 2 segmental areas Cystoscopy • marked congesuon and 
submucous haemorrhages m the floor and roof of the bladder 
mucosa, which bled easily and appeared inflamed. Unne: no 
organisms, but some pus cells present Barium enema, markedly 
spastic descending colon and rectum, with dilatation of transverse 
colon above (Fig. 3) Cerebrospinal fluid- normal Repetiuon 
of barium enema four weeks later showed much diminution 
in spasm. Over the next two years he was subject to bouts of 
pain with inability 
to empty the 
bladder. 

Case 8 — Male, 
aged 52. Two 
weeks previous to 
attending hospital 
he developed pain in 
front of left thigh 
and knee, extend- 
ing to outer side of 
left hip Four days 
l.iter a rash ap- 
peared in painful 
area and after 
another four days 
he developed severe 
constipation with a 
desire to empty the 
bowels; he passed 
dark blood-stained 
mucus and had 
some difficulty and 
piin on micturition 

Examination: Typl- pio. 3. — Case 7. Left D 12-L 2 rosier, 
cal herpes zoster Banum enema radiograph showing spasm 
and hyperalgesia in of descending colon 
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tfl 1,2-3 KBnenUI snas. Units ; pui eslls trni oo ciau,,, 
Recta] examination; normal. Sigmoidoscopy; swolJea itddmed 
mucosa at ^ uppermost limit to which the mstrumeat could be 
passed. Banum enema: severe spasm of descendiog coten 
Cystoscopy; neck of bladder intensely red and oedematoiss, la- 
testinal and urinary symptoms considerably relieved by td- 
imnistratioo of tincture of hyoscyamus, 30 min. (1.8 ml,) ids 
Pain, skin lesions, and intestinal disturbance gradually disap. 
peared in tbe next three months. 


Comment 

After reference to the course of the afferent visceral fibres 
shown in the Tabic it will be observed that the visceral 
disturbance in cases of herpes zoster occurs particularly ia 
those viscera, or parts of viscera, supplied with aSereDl 
fibres by the posterior nerve roots corresponding to the 
zonal skin areas afiected As in tbe skin and dei-p tissues, 
so the effects on the viscera are to produce vasoiiilatatioo, 
oedema, haemorrhages, and inflammatory changes, and to 
predispose to vascular thromboses The affected gut exhibits 
local hypermotility and spasm. The evidence suggests that, 
apart from the parasympathetic and sympathetic, the viscera 
receive a third type of nerve supply which may affect their 
acliviiy. The bipolar cell bodies he in the posterior root 
ganglia, and their peripheral axons pass to tbe viscera with- 
out relay through the autonomic ganglia. They are, id 
fact, tbe so-called visceral “afferent” fibres. This perhaps 
explains to some extent the frequently reported variable acd 
uncertain effects on tbe viscera of stimulating tbe rami coo- 
municantes of tbe spinal nerves and the sympathetic chain 
in which such fibres run. It further raises tbe pioblein cl 
whether “antidromic” centrifugal impulses are normally 
conducted by tbe “afferent” unmyelinated fibres 


Summary 

Jo cases of herpes zoster the inflammatory skin lesions 
arc thought to result from disturbance of the ganglion 
cells of the posterior or trigeminal root ganglia or of the 
“afferent” fibres of the posterior nerve roots or the 
peripheral nerves. Similar nerve fibres originate or end 
in the viscera. Evidence is adduced which seems to 
indicate that, accompanying the segmental skin lesions, 
there occurs disturbance of the viscus, or part of the 
viscus, innervated by the corresponding nerve roots, 
which results in inflammatory lesions and spasm 
case of the hollow organs. This suggests that, in addi- 
tioD to the sympathetic and parasympathetic pathways, 
there exists a third nerve pathway by which visceral 
activity may be altered. 
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and oedema of right vocal cord 
lema and redness, 

;lly limited to right 
of tracheal mucosa, 
nding downwards to 
na. With fading of 
skin ledon the cough, 
ectoraiion. and hoarse- 
i gradually ceased. 

'ase 2. — ^Female, aged 
Three weeks before 
Mng to hospital she 
eloped hemigirdle pain 
the right lower chest 
1 between the shoulder* 
des. Four days later 
ter appeared in this 
ion with a sensation of 
isiemal pressure and 
gastric aching immedi- 
ly on swallowing, as 
)ugh food was stuck. 


Bronchoscopy: marked 



Fia. I — Case 2. Right D &-8 20 slcf. 
Barium meal radiograph showing 
spasm of pylonc antrum 


; aching was not improved by taking alkalis, Exantinalion: 


iimer (1909) 


laaotl93n 

ai0 2 of Spillsae 

u<>Wb<te(19}9} 


D J-4 

C S-D 3. aod 
D4-< 


tuD (1931) 
rmin (1932) 
i,le(I932) 
’<r(o((t907) 


13 7-8 
D7-8 

Imercostii 


’ri*cl»(190S) 
iielschowsky (19I4J< 
•ueh* (t?40) ' 


Hws JUid Filtit- 
schek (I92S) 
Sloo9(I94S) 
F)tn«lrkk (1948) 


*• Suraeon*" (ISW) 


r>Ofatdion(i94S) 


Upp«r •hdominal 
Lower , tbotacie 
iDVgia 
AbdoDUnal 


Viteetat Disturbaace 


Redaess, o«d«ma, Inflaftuaatoiy 
ehtfitts. ud bteediaa on right 
aide of taryu and trachea 
Endocardita arid tachyartbythmla 


D IP-M 
D II'L I 


>1 aympatbetic block 


Groesmaan (1932) 


Van d«T SAwr 
(19131 

Nwoweluiuiiae 

(I9t«) 

Case 8. preaent 
tetiet 


Votk. Quoted by 
Schdnfctd (1929) 
PonfftP^d) 

WalU (1949) 


5 spasm had disappeared radiologjcally. Fractional lest meal 
w showed some fall in aeid secretion. 


SMins (1909) 

CdM 7. pteseni 


Case, 8. preseot 


Over kidney and 
passing to ab- 
domen 
D 10-L2 


I> 12 
D 12 
D 11-L2 


Abdominal 
Dpper lumbar 
root tone 


L2-3 


Wotban. Quoted by 
Dubois (1926) 
Satani (1926) 


Bollock 

Bullock 


Visceral Disturbance 


Persistent haematuria 


Renat oolie No urinary disturb* 

S ee or evidence of catcul i 
UTia and severe persistent 
constipation 
Ileus 


bladder mucosa, especially t 
left Symproras partly relieved 
by Jiyoseyamns 

Cystitis and haematuria Cysto* 
scopy showed a raised inflamma'. 
tory area on bladder wall 
2ostct of btaddes and haetnor* 
rhagic cysiiiis 

Symptoms of bladder irntaiiun 
Disturbance of bladder Dinciiini 
and haematorja 
Rectal and bladder disturbance 
Transient severe Inftammaioiy 
changes m bladder mucosa. 
Spasm of deseendjog colon ai>d 
recluffl and dltataiion of trans- 
verse colon above (Fig 3) 
Taflammation of mucosa of sigraotd 
colon, spasm of descending colon 
(Fit 4). laBaniiiiattonotQeQkof 
bladder Symptoms partly 
relieved by hyoseyamua 
Frequency, oysurja. and eytalutlly 
unnary reientioB. C^loecopy 
showed vesietee on left side of 
base and lateral wall of bladder 
Herpes of ureteric orifice 


Slosier of bisdder on same side and 


Rouyer (190; 
Chesiermao 
Befsodere (1* 
Oasidsolin 


Paroaysraal tachycardia doruif and 
following attack 
Marked bradycardia 
Followed 3) yean later by pro|i«»' 
sively severe tneinaf pain at site 
of totter, cardiac enlargement, 
and E.C.Q ebanges 
Pleurmc pain, ffictfon rub or 
pleural etfuaiOD 


Gasiro-mtestinai'distor bailee 
Disturbance of passage of food 



1 

i reetuR) 

OppenheiRt (1911) 
Tomcy (19091 

Swrat " ” 

FreQuen’i^ anti' disiurVanee of 

Farsal (1910) 

Cluteal region. 

bowel emptyrng 

Urinary and faecal ratantion for 

Prankl.llochwari 

(190) 

SpMtee (192$ 61 1 

scroiuin. and 
perineum 

R genual areiL 

14 day» 

Dyturia and disturbance of bowel 

Bottoek arid um 1 

eJiiylyiiia 

Mann (1931) 

leg 

5k«tk\ 

3 weeks 

Rectal and bladder diatutbance 


Anoreua sod 

Bowel atony and abdominal div 
tension 

Caiir^lnrestinal distorbanoe pre> 
ceding, during, and following rash 


Abdondoil oohe 

Severe spasm of prepyloric region 
of stomaeb (Vtg 1) wiiU redden- 
ing of gasirte mucosa, symptoms 
being partly relieved by aiiopme 


Case S. — Male, aged 72 No previous digestive disturbance. 
He deveioped herpes zoster of nght D 7 and 8 zonal areas. At 
height of attack he complained of nausea, vomiting, and severe 
anorexia, which lasted for several months. Skin lesions, foUowed 
by post-bcrpetic pain of two types, a constant ache, and a 
sharp stabbing pain 


Nausea, vomiting, and anomia. 
followed by haetnatCBiesis and 
appearance of gastnc ulcer on 
leaser curvature (Fig. 2> 


Haemaiemesis 
Nausea, anorexia, burning cpigav 
(nc sensatiod, haemaiemesis. and 
aehlorhydcla Radiograpba 
showed no peptic ulcer Symp- 
toms unrelieved by alfcatw and 
gradually disappeared wllb skin 
eruptions 


Iniestmal paralysis and vonuling 
C^lon radiologically normal, 
“ the disiorbance prasiunably 
being Inlha small Inieslino'* 
Anorexia, nausea, and haemal- 
cmesis, the Symptoms disappear- 
ing with the skin changes 
Fever and lympioms resembling 
append/citii 

Intense eonsllpanon and loca* 
spasm or ascending colon with 
diUiationdisiaUoihii.syn^oms 
, being partly relieved by atropme 
Intense coostipailon. though taiiiig 
no drags Laparotomy revealed 
inflammatory changes In ascend- 
ing colon 



fiQ 2. — Case 3. Radiograph ulrcn 
during barium meal, showing gastric ulcer 
on lesser curvature developing wiih zoster 
of nght D 7-8 zonal areas 


brought on by move- 
ment of trunk ; pain 
varied i n severity, 
but worse m damp 
and cold weather. 
Two months after 
o n s e t two severe 
haematemeses. each 
of about I pint (570 
ml ) A barium meal 
one month later 
showed an ulcer 
crater on the lesser 
curvature of the 
incisura (Fig. 2), 
Despite various 
antacids the diges- 
tive symptoms per- 
sisted. 

Case 4. — Male, 
aged 63. Three 
weeks previous to 
examinntjon he 
noticed a numb sen- 


sation and tenderness in region of right hip when he lay on i( 
and a w^ek later this region became pamfu). Withm a few days 
a segeneniai zoslenc eruption appeared tn the painful region 
extending from IJ m. (3.8 cm.) below the umbilicus to groin and 
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MALIGNANT CHANGE IFOLLOWING 
HERPES SIMPLEX 

BY 

R. WYBURN.MASON, M.D. 

Late Gordon Jacob Research Fellow, Royal Marsden 
Hospital, London 

In 1955 I described a series of cases in which herpes 
zoster of the skin or breast was followed after a variable 
period by malignant change m the affected tissues 
(Wyburn-Mason, 1955). During the investigations at the 
Royal Marsden Hospital there were also observed a 
number of cases of malignant change in the skin of the 
lip which were preceded by herpes simplex. No men- 
tion of herpes simplex as a premalignant condition has 
been found m an exhaustive search of the literature. A 
brief account of six of these cases follows. 

Case Reports 

Case i.— Man aged 65. For five years he had been sub- 
ject to recurrent herpes at the right angle of the mouth. 
After the last attack three months prior to hospital attendance 
a lesion had persisted, gradually increased in size, and bled 
from time to time. On examination a circular raised ulcer 
with everted edge was present, measuring 1.5 cm. m diameter 
(Fig 1) Biopsy showed the lesion to be a squamous car- 
cinoma. 

Case 2. — Man aged 72. Three years previous to hospital 
attendance he developed herpes of the left upper lip. This 
was followed by the formation of a wart and by recurrent 
herpetic attacks in the same area After the last attack, four 
months previous to examination, a growth had appeared 
(Fig 2) and biopsy showed the presence of a squamous car- 
cinoma. 

Case 3 — Man aged 62 Eight weeks prior to attendance 
he developed herpes of the right upper lip, which almost 
healed within a fortnight, but then broke down again and 
ulcerated, gradually increasing ui size and bleeding at 
intervals The appearance fs shown in Fig. 3. Biopsy 
showed the lesion to be a squamous caremoma. 

Case 4 — ^Woman aged 67 Seven weeks prior to atten- 
dance she developed a severe coryza, during which there 
appeared extensive herpes of the lower lip and the right 



Fia. 1 — Case 1 Squamous carcinoma 
arising in lesions of herpes simplex 


angle of the mouth spreading on to the cheek. • The lesion 
healed within a fortnight, except for a small area near the 
angle of the mouth, and during the next four weeks this 
rapi'diy increased in size and began to bleed. Biopsy 
showed the presence of a squamous caremoma. 

Case 5. — ^Woman aged 65. Eighteen months prior to hos- 
pital attendance she developed herpes of the left lower lip, 
which continually healed and broke down, particularly after 
exposure to sunlight. After such an exposure some three 
months prior to hospital attendance the lesion appeared, 
failed to heal, and then rapidly increased in size and began 
to bleed, ft was found on biopsy to be a squamous car- 
cinoma. She was treated with x rays with complete healing 
Eighteen months later, after a furUier exposure to sunlight, 
she developed a fresh herpes in the same area. 

Case 6. — Man aged 65. A year previous to attendance he 
pulled a piece off the lower lip with a cigarette. Next day 
herpes appeared in the denuded area and spread to involve 
the entire mucocutaneous margin of the lower lip This was 
followed by crusting and bleeding after mild trauma, but 
never by complete healing (Fig 4) Biopsy a year after the 
onset showed the presence of a squamous carcinoma. He was 
treated by x rays with complete healmg. A year later, after 
exposure to sunlight, he developed a further herpetic lesion 
in the original area 

Discussion ' 

Tho SIX patients were aged between 60 and 70 years at the 
time of onset of the herpetic lesion One (Case 2) developed , 
a wart, and two (Cases 5 and 6) showed recurrence of the j 
herpes when exposed to sunlight. Such an abnormal sea* i 

sitivity to sunlight is also observed in the skia of tar-wotkers, | 

those exposed to x rays and arsenic, and in cases of xero- 
derma pigmentosa, in all of which malignant change may I 
also occur in the affected skin. The cases described are or 
more than academic interest, as they might serve as evideace 
of the virus theory of cancer causation. It is important to | 
consider certain observations about herpes simplex (see Van 
Rooyen and Rhodes, 1948 ; Stoker, 1957). 

The paibological changes of herpes simplex or zoster and 
herpetiform lesions are those of an inflammation wi ^ 
oedema between the epidermal cells, and there is nomiag 
specific about the changes. Herpes simplex and berpetuonn 
lesions may be produced by many different faclors, 
include general infections or intoxications ; respiratory m ec 
tions ; the administration of drugs, such as arsenic, antigsni 
substances, or antisera ; the local application of 
(blistering) agents , or chronic exposure to tar, x rays, e • 
They may also occur on skin which is the site of causa g 
pain. In cases of herpes zoster the same type of lesion 
produced as a result of disturbance of the innervation 
the affected part The virus of herpes simplex p 

tive agent not only of herpes on the lips or nostrils, bu a 
of herpes genitalis and comealis, herpetic (aphthous, 
cent’s, or ulcerative) stomatitis, eczema herpeticum (a Wc 
Kaposi’s vancelliform eruption), and meningo-encepha i 
The last three conditions do not recur, but many •ndw u 
are subject throughout life to recurrent attacks of bcfp 
around the lips and nose, of the genitalia, or of the 
and these develop in response to non-specific stimuli, u 
as sunburn, fever, or trauma and not through exposure 
another source of herpes virus. In women, recurrence 
often associated with the menstrual periods. 

The vesicle fluid from herpes simplex lesions 
face, genitalia, or cornea may produce herpetic vesicles w 
inoculated into the skin or keratitis when applied to 
conjunctiva of the rabbit, and it is therefore usuauy co 
sidered that all simple herpetic lesions are due to the sa 
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IMPROVED SCINTILLATING MEDIA FOR. RADIATION DOSIMETRY 
By E. H. Belcher, M.A., Ph.D., and J. E. Geiljnger, B.Sc> 

Physics Department, Institute of Cancer Research, Royal Cancer Hospital, London, 5,IK3 
(Accepted for publication March, 1956) 


T he use of scinttUatton detectors for X and 
y-radiation dosimetry, particularly at lower 
quantum energies, is limited by the energy- 
dependence of the response of the luromcscew 
medium. Instruments incorporating crystalline 
anthracene or plastic polj'raers containing p-ter- 
phenyl ^s the scmtiUating medium may be used at 
quantum energies down to 250 keV, but as was 
shown by Belcher (1053) the sensitivity of such 


Ter-Pogossian (1952), Brucker (1952), Belcher 
(1953), Carr and Hine (1953) and others. 

Many attempts have been made to extend the 
working range of scintillation detectors for dosi- 
metry below 250 keV and the problem has recently 
been reviewed by Rosman and Eimmcr (1956). 
Breitling and docker (1952) and Giocker and 
Breitling (1952) have described the use of an air- 
cquivalent liquid scintillator consisting of a solution 



Fio, 1. Energy dependence of pure plastic, enclosed by 07 mm Dural vnU. 

Fic. 2. Energy dependence of plastic combining 1 part of xinc sulphide in SOO, enclosed by 0 7 mm Dural wall. 
Fig, 3. Energy dependence of plastic containing I part of »«nc sulphide in 3S0, enclosed by 0-7 mm Dura! '^alL 



Fic. 4- Energy dependence of plastic containing 1 part of unc sulphide tn 300, enclosed by 07 mro Dural "s!! 

Fic. 5. Energy dependence of plastic containing 1 pan of line su^jhidc in 2S0, enclosed fay 0 7 mm Dural wall- 

Fig. 6. Energy dependence of plastic containing t part of line sulphide »n 200, enclosed by 0 7 mm Dural wall. 


devices as calibrated against an air-wall ionization 
chamber falls at lower energies. This fall is mainly 
due to the low mean atomic number of these media 
compared with air, but may also in part be attributed 
to lack of proportionality between energy absorption 
and light emission by the lummopbor and in part to 
absorption of radiation by the enclosing metal svall. 
The principles governing this variation of sensitivity 
With energy have been discussed by Ittner and 


of p-terphenyl in a mixture of benzene and chloro- 
benzene, and of polycrystalline screens of mhed 
phcnanthrenc and chlorophenanthrene for this 
purpose. luner and Ter-Pogossian (1952) and Col^ 
Duffy, Hayes. Lusby and Webb (1952) have used 
compound crystals of anthracene and calciufti 
tungstate and suspensions of ground calcium tung* 
state in polyester plastic. None of these material, 
however, provides a completely satisfactory solution 


103 






virus. There is, however, some doubt whether a virus can 
be demonstrated in all herpetic simplex lesions. According 
to Stoker, “ there is no doubt that the virus is present durmg 
each of these recurrent attacks, because it can invariably be 
isolated in the early stages” It has been suggested (Burnet 
and Williams, 1939) that in recurrent cases herpetic infection 
occurs in childhood and persists throughout life. This is 
based on serological and skin tests, the sera of most adults 
containing antibodies against the virus. It is supposed that 
the virus remains within the epidermal cells, dividing with 
them, and normally causmg no damage. A number of non- 
specific stimuli which lead to cell breakdown may release the 
virus particles 

Stalder and Zurukzoglu (1936) showed, however, that 
areas of facial skin subject to recurrent herpes no longer 
developed the disease if transplanted to another part of the 
body Yet a recurrent attack usually occurs in roughly the 
same site. Because of this some favour the central ner- 
vous system, dorsal root ganglia, or cutaneous nerve endings 


of what may occur, especially in elderly subjects, at the site 
of any chronic irritation or inflammation, such as eczema or 
psoriasis, and not the specific result of virus infection. On 
the other hand, if all, and particularly recurrent, cases of 
herpes simplex are due to local infection with herpes simplex 
vims, and since the subjects may exhibit abnormal sensitivity 
to sunlight as do tar-workers and those subject to x rays or 
arsenical dermatitis and xeroderma pigmentosa, it may be 
that infection by the virus, which is widespread, is an 
important cause of malignant change. Since the buccal 
mucosa and the skin of the genitalia and other tissues may 
also be infected by herpes simplex there is a possibility that 
in some cases in these tissues, too, the infection may be 
related to the later appearance of malignancy. 

Summary 

Six cases of herpes simplex of the lips in old people 
followed by the development of squamous carcinoma 





as the permanent home of the virus. In this respect it will 
be recalled that the lesions of herpes zoster, which are due 
to infection with, the herpetic zoster virus, are identical 
pathologically with those of herpes simplex, but the causa- 
tive lesion for the skin change is found in the posterior nerve 
root ganglia (Lewis, 1927). It is thus by no means certain 
that the lesions of herpes simplex are aln'ays due to, or con- 
tain, a virus affecting the skin. It seems possible (bat this 
type of tissue reaction in the skin may result from various 
forms of irritation, of which the herpes simplex virus is one 
example ; that even in recurrent cases of herpes simplex local 
irritation plays a part in causing the recurrence, and that, as 
in cases of herpes zoster, disturbance of local nerve fibres 
may be a factor in causing this. 

NVhatevcr the explanation of recurrent herpes simplex, it 
seems that the appearance of the original lesion may pre- 
dispose to malignant change in elderly subjects. Malignant 
change following herpes simplex may simply he an example 


SIX weeks to five years afterwards are described. The 
sigotficance of the observation in relation to the virus 
theory of cancer causation is briefly considered. 

The above observations were made while holding a Gordon 
Jacob Research Fellowship at the Royal Marsden Hospital. 1 
should like lo express my thanks to the Medical Committee of 
the hosrilal for permission to oublsh the brief case histories 
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Instrumental and Technical ' Notes 


Irradiation in all cases was made at right angles to 
the probe axis, and correction was made where 
necessar)’ for the direct effect of radiation on the 
photomultiplier tube. 

It will be observed that as the proportion of zinc 
sulphide is increased, the falling response at low 
energies due to the low mean atomic number of the 
pure plastic is progressively corrected. A mixture 
containing 1 part in 300 by weight of zinc sulphide 
has a response which falls only slowly with energ}' 
down to effective energy of 30 heV. The variation 
of sensitivity of this mixture with energy is less than 
i 10 per cent over the range 30 keV to 1 MeV and 
measurements on a number of batches showed that 
this behaviour is accurately reproducible. 

Effect of probe dimensions and composition of capsule 
viall 

At energies below 30 kcV, the form of the energy- 
response curve IS determined very largely by the 
nature of the capsule wall. Figure 8 shows the results 
of studies over the lower energi’ range using the 
1/300 mixture firstly with a 0 7 mm Dural wall, and 
secondly with a wall consisting of a 0-01 mm 
alumimum foil covered with 10 mg/cm* of black 
paper. Measurements in the latter case were made 
inside a Perspex build-up device to ensure electronic 
equilibrium. It will be seen that by using an 
extremely thin wall of approximately air-equivalent 
material, the working range can be extended at least 
as far as 20 keV. Figure 9 shows similar measure- 
ments With the 1/250 mixture. 

With a given mixture and wall thickness, per- 
formance is not greatly affected by probe dimensions. 
This is illustrated by Fig. 10, which shows the 
results of measurements with the t/300 mixture 
incorporated into probes of external diameter 6 mm, 

8 mm and 12 mm, all with 0*7 mm Dural wall. 

Effect of composition on luminescent efficiency 

Table I shows the luminescent efficiencies of the 
various mixtures, expressed in terms of the responses 


TABLE I 


Composition 

Response to 
Ra 

y radiation 

Composition 

Response to 
Ra 

y radiation 

Pure plastic 

1-00 

1/300 ZnS 

0 83 

1/500 Zn S 

1-05 

l/250ZnS 


1/400 Zn S 

0 85 

1/200 Zn S 

082 

1/350 Zn S 

0 89 




obtained with radium y radiation, the response of the 
pure polystyrehe/p-terphenyl/tetraphenylbutadiene 
plastic being taken as unity. The mixtures compare 
favourably with the pure plastic in light output. 

Summary 

An improved scintillating medium for radiation dosi- 
metry with energy response varying by jess than ± 10 per 
cent over the energy range 20 keV to 2 MeV has been 


oi lilts nuienai uniipaica lavuutauiy um\ viui ui uie tmie 
plastic. The effect* of probe dimensions and wall composi- 
tion on the performance of probe-type dose-rate meters 
tncorporatmg this material are descnbed. 
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Inslrunmttal and Trehntcal Notes 

to the problem. The ideal scintillatmg medmm for Effect of composition on energy response 
radiation dosimetry should be a stable homo- Figure 1 shows the results of studies of tlie variation 

gcncoussolid, easily machined, of high transparency in sensitivity per rSnigen i\ith energy of a probe- 
and luminescent cfTiciency and should have a type scintillation dose-rate meter using the pure 

plastic as scintillating medium. Figures 2 to 6 show 
similar results with mixed media containing different 
proportions by weight of zinc sulphide. The studies 
were made with a dose-rate meter of the type de- 
scribed by Belcher (1953), using a Dural probe of 
6 mm outside diameter. The media were mounted 
in interchangeable Dural capsules of wall thickness 
Fie. 7. 0-7 mm. forming the terminal 1-5 cm of the probe 

Diasram of capsule. (b'S- ')* 



so lOQ so too so 100 I 

tk«V) tir«ctl*« enefjy (k»V) 

Fic. 8 Fic. 9. Fio. 10 

Fie. 8. EnerRy dependence of plaitic containing I part of zinc sulphide m 300 enclosed by walla of different composition. 

O 0 7 mm Dural wall. 

X 0 01 mm Al + 10 mg/cm* paper avail. 

Fic. 9, Energy dependence of plastic containing 1 part of zinc sulphide in 250 enclosed by walls of different composition, 

O 0 7 mm Dura) watt. 

X 0 01 mm Al t 10 mg/cm* paper wall. 

Fic. 10. Energy dependence of plastic contaming t part of zinc sulphide m 300 incorporated in probes of different 
externa) diameters. 

O 6 mm O.D. X 8 mm O.D. + 12 mm 0 D. 
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response independent of energy over the entire 
working range. It should also be available at low 
cost in large quantities with closely controllable 
characteristics. 

We have developed* mixed scintillatmg media 
which, while they do not completely satisfy all these 
requirements, offer advantages over media hitherto 
available for dosimetric work. These materials 
consist of polystyrene/p-tcrphenyl/tetraphenyl- 
butadiene plastic containing an admixture of finely 
dispersed silver-activated zinc sulphide. The pro- 
portions of zinc sulphide used are not sufficient 
markedly to impair the transparency of the plastic 
matrix and whilst the resulting mixtures are not 
truly homogeneous and would thus be unsuitable 
for counting applications, they are nevertheless 
satisfactory for dosimetric use. They are readily 
' machined and polished, and have luminescent effi* 

* ciencies comparable with that of the pure poly- 
? styrenc/p-terphenyl/tetraphenylbutadiene plastic. 

• In collaboration with Messrs. Nash and Thompson, 
Oakcroft Road, Chessmgton, Surrey. 


Measurements were made by comparison with 9 
Baldwin-Farmer ionization chamber dosemeter, 
using radium y radiation (mean quantum energy 
0*79 MeV) and the following sources of X radiation: 

Filtration Effective 



kVp 

Inherent 

Added 

energy keV 




rO'S mm Sn 

137 

*■ 

250 

2-5 mm Al 

4 0 25 mm Cu 
ll-O mm Al 


2. 

250 

2-5 mm Al 

JO'5 mm Cu 

1 1*0 mm Al 

103 

3. 

250 

2*5 mm Al 

4-0 mm Al 

79 

4. 

200 

2- 5 mm Al 

fl'O mm Cu 
[l-O mm Al 

97 

5. 

200 

2 5 mm Al 

4-0 mm Al 

70 

6. 

200 

2>S mm Al 

None 

47 

7. 

140 

1 -0 mm Al 

JO-2 mm Cu 

1 1 0 mm Al 

54 

8. 

100 

1 -0 mm Al 

I-O mm Al 

28 

9. 

50 

1-0 mm Al 

1-0 mm Be 

21.5 

10. 

43 

0-7 mm Al 

1-0 mm Be 

18-6 

11. 

29 

0-4 mm AJ 

1-0 mm Be 

14-0 
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CARCtNOGMNlC rrpfCTS or RADfATfOr^ 


The process of ionization and excitation in an atom, or the attachment to an 
atom of a released electron, leads to tiUercd chemical properties of the molecules 
of which these atoms arc part, and arc Ihc start of the chain of chemical changes 
which lead to the observed biological damage. 

The spatial distribution of ionizations and excitations innuences the concentra’ 
lion of the initial chemical change, and therefore affects the "severity and type of 
biological effect produced. One parameter to be considered in the analysis of the 
biological change produced by a gi\cn type of radiation is the “specific ionization” 
or “Imear ion density," which is the average value of the number of ions produced 
per unit distaoo; along the tracks of the ionizing particles- The losscst values of 
specific ionization (the least dense ionization tracks) are produced by high energy 
clccifomagncuc radiation. In general the lower the energy of the electromagnetic 
radiation, the greater the value of the specific ionization. The highest values- 
of specific ionization arc given by the particulate radiations such as protons, 
a-particles, and also fast neutrons which in soft tissue ionize by vinue mainly of 
ejected protons. Table I (Gray, 1947) gives approximate values for the speafic 
ionization of certain radiations, in number of ions per micron of path in unit 
density material. 

TADLt I 

VALUES OF SPEOnC IONIZATION 
(Cray. I947| 

Fadiaiion 

/-rays from radium 
X-fay» produced at 1.000 VV .. 

X-rays produced at 200 kV 
Neutrom of energy 12 MeV 

Neutrons of energy 0 4 MeV 

v-particlcs from natural dismiegration of radium 

Unitx of radiation doxage 
The unit of dose for x- and y^radiation employed in recent years has been the 
roentgen (“r"). which is measured by the iomzaliotvptoduced in a given mass of 
air under certain defined equilibrium conditions. Although this unit is of great 
service it has certain serious limitations, in that it docs not give a measure of the 
energy absorbed in the tissue when the tissue has an efTeciivc atomic number 
appreciably different from that of air or water. Also the roentgen cannot be 
applied directly in the measurement of the doMgc of paniculate radiations such 
as neutron beams. 

To avoid these dimcuUtes other units are sometimes used. In many ways the 
most satisfactory of all units is the recently defined “rad,” which represents an 
energy absorption of lOO ergs per gramme. This poses new problems, not of 
definition, but of practical measurement and has not yet come into general use. 

In the case of soft tissue, one rad of ionizing radiation will represent an energy 
absorption some 7 per cent greater than that for one roentgen. 

The unit of dosage used most frequently in recent years when dealing with 
paniculate radiations has been the “rep** (roentgen equivalent physical). So far 
as soft tissues arc concerned the roenigen and rep can be considered to represent 
the absorption of the same amount of energy per unit mass. 


Spfctjie hnhailort 
Uonf ptr rmrron) 

tl 


290 

1,100 

3.700 
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Reprinted from CANCER, Ed. Raven (London. Butterworth. 1957) I, 497-539 


CARCINOGENIC EFFECTS OF RADIATION 
A. Glucksmann, L. F. Lamerton and W. V. Mayneord 
INTRODUCTION 

The problem of radiation carcinogenesis is not merely one of demonstrating that 
ionizing radiation can produce malignancies in certain tissues of various species 
of animals, but of determining the antecedents of tumour production in terms of 
radiation dose, dosage rate, volume of tissue irradiated, predisposing tissue 
conditions, and other factors. Only with adequate data relating to these variables 
can the fundamental question relating to mechanisms of radiation carcinogenesis 
be decided, such as the relative importance, under given conditions, of the direct 
and indirect ejects of radiation. 

For obvious reasons the least well documented of the data is that referring to 
radiation-induced cancer in man. Nevertheless the data that exist are of the greatest 
importance and an attempt is made in this chapter to give a reasonably full review 
of the reported human data. This is followed by a survey in some detail of certain 
of the animal experiments which have a bearing on the problems that have arisen 
in consideration of the human data. 

The radiations considered here are the high energy electromagnetic radiations 
(x-rays and y-rays) and the particulate radiations such as electrons and neutrons. 
The terms x-rays and y-rays are both applied to high energy electromagnetic 
radiation, and the definition employed is that x-rays are those produced by high 
energy devices (x-ray tubes, betatrons, linear accelerators, and so on) while y-rays 
arc the electromagnetic radiations produced directly from atomic nuclei during 
the process of disintegration. 

Before reviewing the literature it will be convenient to discuss briefly certain 
physical aspects of the interaction between radiation and matter. 

Interaction between radiation and matter 

The passage of high energy electromagnetic or particulate radiation through 
matter is marked by changes in certain of the atoms of the material close to the 
path of the quanta or particles comprising the beam of radiation. For x-rays and 
y-rays and for electrons these changes will be the result of interactions with the 
orbital electrons of atoms, either by ionization, when an electron is removed from 
the atom, or by excitation, when an electron js displaced to a new energy level 
within the atom. Neutrons, on the other hand, interact with atomic nuclei to 
produce recoil movement of the nucleus which may be sufficient to produce dense 
ionization and excitation in surrounding atoms of the material, and under certain 
conditions leading to nuclear changes which result in the emission of y-rays and 
occasionally a-particles or protons. The newly-formed nucleus may itself be 
radioactive and contribute to the irradiation of the tissue. 
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CARClNOGtNIC EFFh^CTS 01' KADtATlON 


palicnls trculcd by x-rays Tor ankylosing spondylitis, which may possibly be due to 
the carcinogenic action of radiation (Court Brown and Abbatt, 1955), 

The following arc the main sites for which there is evidence of radiation-induced 
cancer in man: 

(1) The skin —Cancer of the skin may follow external radiation, incurred as an 
occupational hazard, or following diagnostic or therapeutic procedures for deep- 
seated conditions or for benign dermatoses. 

(2) The bond . — Osteogenic sarcomas have been observed after external irradia- 
tion for tuberculous or other osteomyelitic conditions or after the ingestion of 
radioactive salts which are finally deposited in the bone matrix, as for instance in 
the case of the dial painters. 

(3) The hlood forniin^ or}>ans . — ^These may react to external irradiation with the 
production of leukaemias. 

(4) The lun^s . — Cancer may occur after inhalation of radioactive dust or gas, as 
in the case of the uranium miners. • 

Occasional radiatlon-induccd tumours have been reported at other sites, in- 
cluding the pharynx, thyroid, antrum, liver, ovary and the uterus. 

The incidence, fiistological types and precursory lesions of cancers caused or 
contributed to by radiation will now be described under the various sites before 
the general problem of carcinogenesis due to radiation ts considered and related 
to experimental work. 

Skin tumours 
Imroduetton 

Skin cancers have been found in the irradiated region of patients treated for 
deeper-seated malignant conditions or for benign dermatoses. A clear distinction 
should be made, between those cancers appearing in a previously normal skin 
region and those following irradiation of skin lesions su<^ as lupus or psoriasis 
which may themselves predispose to carcinomatous change. In the first group 
irradiation may be the mam cause of malignancy while in the second group it 
may be only a contributory cause, and it is possible that the mechanism of carcino- 
genesis IS different in the two groups. 

Reviews of reported cases of skin cancers following therapeutic and, more 
rarely, diagnostic radiation procedures have been made by Hollhusen and 
Engimann (1931), Griitzmacher (1942) and others. 

//!( idem e of histological types 

The histological features of skin cancers are the same whether they occur 
spontaneously or are produced by radiation. There is, however, a difference in 
the proportion of squamous-cell and basal-cell carcinomas in the spontaneous and 
radiation-induced group THc combined data of Lacassagne (1945a), Schrek 
(quoted from Moore, 1945) and Harnett (1952), show that 63 per cent of 5,237 
spontaneous skin cancers were of the basal type, while of 1 1 1 patients with radiation- 
induced cancers, 102 had squamous-cell cancer, 7 had basal-cell cancer and 2 had 
both (data from Lacassagne, 1945a. HoUhusen and Engimann, 1931, Griitzmacher,' 
1942, and Teloh, Mason and Wheelock, 1950). 
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lu a review on the carcinogenic effects of radiation a common dosage unit is not 
possible, since many authors have not provided the relevant data for a conversion 
from their units 

The radiation dose delivered to a tissue contaming a radioactive substance can 
be calculated from a knowledge of the concentration of the isotope in terms of 
microcuries per gramme of tissue (Mayneord. 1950). The calculation is straight- 
forward if the activity is uniformly distributed in the tissue and the linear dimen- 
sions of the tissue are large compared with the range of the radiation emitted. If 
these conditions are not satisfied the calculation of the dose demands also precise 
knowledge of the dimensions of the tissue considered and the degree of non- 
uniformity of the activity. 

Relative biological efficiency {R.B.E!) 

Since the type and degree of biological change is affected by specific ionization, 
and also by other physical variables in addition lo the dose, it follows that the 
same dose of two different types of radiation may have different effects. To compare 
the effectiveness of two types of radiation the term “relative biological efficiency" 
or "R B.E." is used, which is defined as the inverse ratio of the doses necessary lo 
produce a given effect. The R.B.E. of two radiations may itself vary with the type 
of damage considered. Thus, the R.B.E. of 4X'radiation to y-rad/ation is about 
10 for certain types of chromosome damage, whereas it is unity, or less, for some 
cytoplasmic changes. 

RADIATION-INDUCED CANCER IN MAN 

Introduction 

The first case of x-ray cancer was described by Frieben in Hamburg in 1902, in a 
man aged 33 years, who had been employed in the manufacure of x-ray lubes 
and tested the apparatus with his hand. A marked radiation dermatitis developed 
on ilie dorsal surface of his hand and after 3 years small persistent ulcers appeared. 
The edges became cancerous, and the dorsum of the hand was eventually completely 
ulcerated. The cubital and axillary lymph nodes contained metastases; the arm 
was, therefore, disarticulated at the shoulder. 

Numerous other cases of chronic radiodcrmalitis particularly on the hands of 
radiological workers and those employed in the manufacture and sale of x-ray 
apparatus were observed in the early years of this century and the tendency lo 
malignant change of these chronic skin lesions was recognized. Hesse in 1911 
described 50 cases of cancer developing in previously normal skin, in persons 
exposed occupationally to radiation, and in 4 patients following radiation treatment. 

The carcinogenic risk to man from ingested radioactive material is demonstrated 
by the osteosarcomas occurring in the group of dial painters working In a New 
Jersey factory between 1917 and 1924. A number of bone tumours following 
radiation procedures have also been reported, a high proportion occurring in 
areas of infected bone. The “Dergkrankheit** of miners in the Schnccbcrg and 
Joachimsthal mines has been found to be a lung cancer possibly attributable to 
radiations emitted from inhaled radioactive dust and gas. An increased incidence 
of leukaemia has been reported amongst radiologists as compared with other 
physicians (March. 1950), and a similar increased incidence of leukaemia in 


t ARtINOt.l NIC I rncis Ol KAOJMION 


SO 2 

tloscs in periods. This probably accounts for the short latent periods of the 
eases reported by Hesse in 1911. 


TABLC II 

I.ATENT PERIOD FOR THE DEVELOPMENT OF SKIN CANCERS 


\<> of 
eoKcs 

j Latent pentKt in yean 

References 

1 Ranee 

1 Afean 

Ptmenis Fit posed to sinetr or repeated foifriei of raduuherap} • 

33 

3-30 

12 

1 Holihusen and Ei>glmjnj%(l93l) 

26 

7-26 

17 

Grutzmachcr ( 1942} 

20 

4-22 

14 

! Lacassagne (1945,0 

it 

>2-48 

32 

j Smilhcfs (personal tommunka- 
lion) 


Pentde exposed octupaiianaily to chronte irradiQiii/n 

! 

4 14 

1 9 

ttcsse(l9ll) 


19-34 

26 

Lacassagne (t945j> 

IS 

7 35 

1 

Spear (personal communication) 


For skin sarconias JoncSj(l953) reported latent periods of 3-30 years, contrasting 
with the report of Waller {1950), who in three eases, following skin doses of 3,500- 
4.600r. stated that the first nodule appeared in 5. 1) and 14 weeks respectively, in 
iwo of these cases the histological report at 7 and 1 1 weeks respectively, was grade 
I carcinoma, while m the third case a skin papilloma was diagnosed after 19 weeks. 
1 f these arc true eases of x-ray cancer, and not instances of “pscudo-cpitheliomatous 
hyperplasia” (Grinspan and Abulafih, 1955) similar to those associated with some 
infectious processes (for instance leishmaniasis, blastomycosis, tuberculosis, 
syphilis) then the latent periods involved arc much shorter than have previously 
been reported. 

Skm k’Mons anfcicdenf to the appearance af cancer 
The suggestion of Lacassagne (l94Sa) that continuous irradiation incurred as 
an occupational hazard is associated with a longer latent period than short con- 
centrated courses of radiation given in treatment, though unsupported by evidence 
at the moment, may still prove to be correct. The skin lesions developing from 
these two types of expostir'C have a difTercnt history. The chronic radiation 
dermatitis of radiologists is characterized by the slow development of keratoses 
and warts together with vascular damage in the dermis leading to extreme vulnera- 
bility of the skin and to indolent ulceration. The acute radiation dermatitis 
induced m radiotherapeutic procedures starts with an erythema, may develop into 
moist desquamation, heal and later result m an atrophic, irregularly pigmented 
scar, with atrophic changes and telangiectasis. This scar also ulcerates and the 
edges may become malignant. The vascular changes, hyalinization of stroma 
leading to contracture of the scar, the tendency to ulcerate and the abnormaUties 
in pigmentation are, however, found in the late stages of both acute and chronic 
radiodermatilis. According to Hesse {1911) the edges of the ulcerations in the 
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Amongst the x-ray cancers the basal-cell variety is more frequent in younger 
patients: the average age of 5 patients with basal-ccU cancer being 19 years, as 
against 32 years for 35 patients with squamous-cell cancer; of 6 patients under the 
age of 20 years, 4 had squamous-cell cancer and 2 basal-cell cancer, as against 
92 and 6 for the whole series. As well as age, the site of the lesion may affect the 
type of cancer developing after irradiation. Of the spontaneous skin cancers in 
the white races 80 per cent or more are localized in the face and head region and 
the majority of tumours in this site are of the basal type. 

The occupational x-ray cancers of the skin are localized largely on the hands, 
arms and chest, which are the regions in which squamous-cell carcinoma is more 
common m the spontaneous group. Anderson and Anderson (1951) reported 10 
cases of basal-cell cancer in the face following radiotherapy and attributed the 
presence of basal-cell rather than squamous-cell carcinoma to the general predo- 
minance of basal-cell cancers at these sites. 

Sarcomas of the skin have been reported following irradiation of normal skin, 
and especially after the treatment of lupus (Coenen, 1909. Deuticke, 1939). A 
critical review of radiation sarcomas of the skin has been published by Jones 
(1953). In addition to 2 cases of sarcoma in persons exposed occupationally to 
radiation, he listed 8 cases of skin sarcoma following radiotherapy for psoriasis, 
hypertrichosis, endothelioma of the dura, Graves's disease, keloid and papilloma 
of the bladder. An additional 4 cases have been recorded by Pettit, Chamness and 
Ackerman (1954). However, the total number of reported cases is small and skin 
sarcoma is probably a rare sequel to radiation injury. 

Predisposing conditions 

The treatment by radiation of benign dermatoses has occasionally resulted in 
malignant change, as mentioned in the case of lupus. Some of these skin lesions 
predispose to tumour formation and lupus is a particularly well-known example, 
but psoriasis and some forms of eczema can also become cancerous without radia- 
tion treatment. As the frequency of such changes is not known it is impossible to 
estimate how much the incidence of tumour formation in these lesions is increased 
by radiation. Lacassagne suggested that a shorter latent period for the appear- 
ance of lupus carcinoma in the irradiated patients may indicate the carcinogenic 
action of radiation in this condition. In 13 irradiated patients the latent period 
was 25 d: 2 7 years from the onset of lupus as compared with 38 ± 5-0 years for 
6 patients not treated by radiation. 

Latent period 

Lacassagne (1945a) suggested that persons chronically exposed to radiation in 
their occupation develop skm c.nnccrs later (that is 26 years on an average) than 
do patients exposed to single or repeated courses of radiotherapy w here he reported 
an ascrage of 13-14 years. 

In Table If, howeser, the data arc collected of xanous workers who quoted latent 
jsenods for skin cancer dcxclopmcnt m patients exposed to conceniraicd courses 
of radiotherapy and in chronically exposed radiological workers. No significant 
dilTcrcncc is apparent, which is not surprising since, panicukirly in the early years 
of radiology, the occupation.iUy expos^ persons may haxc received considerable 
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Cillcy, Kirklin and Lcddy {I9J5) and CiHcy, L(^ddy and KirfeHn {1935a and b) 
found that, on the basis of Ionization mcasuremcnls, the average dose to the palm 
of the hand received by a radiologist in a well-run diagnostic department where 
no protective clothing except Icailicr gloves was worn was about 0.9 s.e.d.* (300- 
400r) per year, for a period of 8 years. The dose to the finger tips was about three 
times as great The authors reported no radiation damage. If the dosage figures 
can be trusted two conclusions arc drawn, namely, that a dose of the order of 
l.OOOf per year to the fmger-lips for 8 years produces no appreciable damage, 
and. if 1 ,000r per year Is received by the finger-tips in a well-run department, the 
yearly dose may have been much greater than this under less well-organized 
conditions. 

It js concluded, therefore, that some of the early radiodiagnosticians may have 
rcccn.'cd skin doses of the order -of lens of thousands of roznigens during their 
working career, and the very severe skin lesions preceding the appearance of 
malignancy is consonant with such a dose. Also relevant is the ease reported 
by Hulibcrg and Lorsson (1950) of a dentist who had received to each hand a dose 
estimated at if.OOOr over a period of five years, due to holding films in patients’ 
mouths. The hands showed erythema, desquamation and blistering, but after he 
ceased handling films, the reaction subsided. Theinfcrcnccis that adoscof 15,000r 
in five years was less than that received by the early radiologists who showed such 
severe and permanent skin damage. 

flntofciteus nfskm cancer 

The most constant histological features of chronic radiation dermatitis and of 
late stages in acute dermatitis are the vascular changes in the form of endarteritis 
obliterans, periphlebitis and telangiectasis. These changes vary considerably over 
the lesion and even in the same area norma! and injured arterioles may be found. 
The hyalinizaijon of fibre bundles of the derma with some breakdown in the form 
of clastosis. oedema and infiftration, disappearance and clumping of clastic fibres 
are the consequences of non-specific inflammatory processes and of the vascular 
damage leading to ischaemia {Tcloh, Mason and Whcclock, 1950). The epidermal 
changes also vary with size of field, and foci of hyperkeratosis and acanthosis may 
alternate with regions of epidermal atrophy and loss of rete pegs. Hair follicles 
arc usually absent, the arrcctorcs pUofum may degenerate or swell and the sudori- 
ferous glands be grossly distorted Teloh, Mason and Wheelock (1950) analysed 
215 lesions of radiation dermatitis and found 51 invasive and 4 pre-invasive 
carcinomas. Most of the carcinomas were m the lowest grade of malignancy, fn 
addition 47 lesions showed “dysplasia.” that is hypsrehromatosis of cells in the 
deeper layers, clumping of chromatin, abnormal size of nuclei and nuclcoU. 
presence of abnormal mitosis and disproportion in volume of nucleoli, nuclei 
and cytoplasm. These changes are considered by the authors to be pre-cancerous 
and more sinister than the premature or unequal keratinization found in a number 
of lesions. 

Bone tumours 

Relative to the radiation conditions bone tumours are the best documented 
class of radiation-induced maiignancies in man, but the quantitative picture is 

• s c d slim erythema dose. 
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chronic dermatitis of radiologists are also the predominant regions where cancers 
develop, though some may occur in the keratoses. 

It is not known what degree of skin injury is necessary to initiate carcinogenesis. 
In the reports by Hesse (1911), Holthusen and Cnglmann (1931). Griitzmacher 
(1942) and Lacassagne (1945a and b) there was excessive skin damage over a fairly 
wide region in which foci of malignancy appeared but, on the other hand, without 
these changes a tumour would probably not have been ascribed to radiation. It 
cannot be proved from the clinical data that this severe skin injury is necessary 
for radiation carcinogenesis. If Walter’s cases are accepted as definite carcinomas 
It appears that a moderate erythema is sufficient for subsequent and rapid tumour 
production. In all cases of cancer following minor radiation damage to the skin 
the causal relationship must remain uncertain. It is feasible that minor radiation 
injury may merely determine the localization of an existing tendency to malignancy. 
The promoting action of sunlight in the development of skin tumours in xeroderma 
pigmentosum may be a parallel example of a promoting and localizing action. 

Various workers have given data on the incidence of malignant change in chronic 
radiation dermatitis and the estimates range from 10 per cent to 28 per cent, as 
seen from Table III. 

TABLE in 

INCIDENCE OF MAUGNANT CHANCE IN PATIENTS WITH SEVERE 
RADlO-DERMAimS 


No. of 
patients 

No. Mth 
cancers 

1 

Percentage 

References 

259 

27 

10 

c . »,* . 

97 ' 

20 

21 

« • • 

80 

20 

25 

• • 

171 

34 

28 



Where cancers occur they are often multiple. Tcloh, Mason and Wheclock 
(1950) found 20 patients with single and 14 with 2-4 cancers and Hesse (1911)' 
reported multiple tumours in 17 of 54 cases. 

The incidence of severe radiodermatitis following radical x-ray therapy is 
unknown. Mild degrees of radiodermatiiis were estimated by Solzburger, Baer 
and Barota (1952) to occur in about 25 per cent of patients after radical x-ray 
treatment for malignant skin conditions No evidence was found for persistent 
skin changes in patients with benign dermatoses treated with fractionated doses up 
to l,400r. 

Radiation dosage and production of skin cancer 

In view of the close association between radiation-induced skin cancer and 
severe radiation dermatitis in exposed workers, it would be of interest to know the 
dose they received but this reconstruction is a formidable problem and except in 
special cases may be impossible. 

Wintz and Rump (1931) stated that some early workers received doses of at 
least several roentgens per day to the hands, so that skin doses of I.OOOr or more 
per year were received. 
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one wiih a'ierminal body burden of about 50 micrograms of radium element, and 
the other with about 8 micrograms of radium clement. The autoradiographs 
showed the radium to be limited to about 10 per cent of the Haversian systems in 
the section from one patient and 2 per cent in the second patient. Within the 
Haversian systems the radium was apparently uniformly distributed. Because of 
its very limited distribution the a-ray dosage from the radium in the Haversian 
systems could reach high values. Hoecker and Roofe calculated dosages of about 
10 rep per day. so that in one year a dose of thousands of rep would be delivered 
to certain areas. Recently Spiers (1953) has made more precise calculations of the 
radiation dose, using the data of Hoccker and Roofe, obtaining similar values. 

There IS likely to be substantial excretion of radium during the lifetime of the 
patient (Norris, Spcckman and Gustafson, 1955) so that radiation doses calculated 
on the basis of the terminal body burden will be underestimated. 


Cliimal (aur\i‘ 

The review of Looney (1955, 1956) included the dial painters and a group of 50 
persons given radium salts for therapeutic purposes in which 5 eases of bone tumours 
were reported. In these 5 cases the terminal radium burden varied from 0.8 to 
8 micrograms. Looney reviewed the skeletal radiographic changes observed in 
these groups Increased density in cancellous bone and well-defined areas of 
decreased density in compact bone, as well as changes in normal configuration 
were observed. For terminal body burdens below 0.5 micrograms of radium 
almost no radiographic changes could be seen. Above 0.5 micrograms of radium, 
major skeletal changes were sometimes observed but these are determined not only 
by the radium burden. Some patients with a burden of 0.5-1 microgram of radium 
showed major skeletal changes and tumour formation was sometimes seen, whereas 
in other patients with 10-15 micrograms the changes were of a minor nature. 
Looney stated that “this marked variation in clinical response emphasizes the 
importance of the dynamic relation between the destructive and reparative processes 
of the body in the eventual production of clinical change." 

As regards the development of malignancy, Looney reported, “there is a latent 
period followed by symptoms which usually develop from changes in weight 
bearing bones and bones which arc subject to repeated trauma. Later tumour 
formation occurs at a site which is usually not that of the initial symptoms. 
When malignancy occurs there may be a marked accentuation of the disease 
process and death usually occurs about I to 4 years after the initial symptoms at 
the site the tumour develops.” 

Hisiopathology 

According to Looney the most striking histopathological changes are: (1) The 
formation of atypical osseous tissue, laid down around trabeculae of cancellous 
bone, and the filling of the inlerlrabecular spaces by an acellular fibrous tissue; 
and (2) areas of destruction in compact bone with replacement of bone by fibrous 
tissue. Malignancies develop in or around areas of proliferating fibrous tissue 
and atypical osseous tissue. These areas are found particularly at the end of the 
bones, which are the preferential sites for the formation of the atypical bone 
tissue and not in the regions which are more commonly affected by aseptic bone 
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incomplete. The main sources of data are the reports of bone tumours in the 
radium dial painters, in patients who have received injections of radium salts for 
therapeutic purposes and in patients following treatment involving irradiation of 
bone. 

Incidence of bone tunwurs foihmng ingestion and injection of radium salts 
The data on the radium dial painters is unique in that the total population 
at risk is known. From Martland's study (Martiand, Conlon and Knef. 1925, 
Martland, 1931) it is known that between 1917 and 1924 a total of 800 girls, 
but not more than 250 at a time, were employed as dial lummizers in a New 
Jersey factory. The paint used was crystalline phosphorescent zinc sulphide 
in gum acacia rendered luminous by the addition of small amounts of radium, 
mesothorium and radioihorium present as insoluble sulphates. The paint was 
applied to the watches by a brush which the lumimzers pointed with their lips, 
^ch luminizer painted 250-300 watches per day and licked the brush up to 14 
limes per dial. Martland estimated that In six months up to 5 milligrams of radio- 
active clement could be swallowed. He reported in 1925 the findings of anaemia 
and jaw necrosis in some of the girls but there was no mention of malignancy. 
In 1931 Martland reported that between 1922 and 1928 there were 13 deaths from 
anaemia and jaw necrosis, occurring 4-6 years after leaving employment and 
5 cases of osteogenic sarcomas. 

Eight more cases of malignancy among dial painters apparently attributable to 
radium ingestion were reported by Aub and his colleagues (1952) and Looney 
(1955, 1956). In addition five cases of bone tumour were found among patients 
treated with radium by mouth and intravenously for various disorders, including 
hypertension, arthritis and anaemia, during I915«!930. 

Radiation dosage 

It was possible to make measurements of the body burden of radioactive element 
in the case of some of the dial painters and radium injected patients who had died 
as a result of the radiation effects. This is summarized and discussed by Aub and 
his colleagues (1952) and Looney (1955, 1956). The terminal body burden of 
radium in those patients who developed osteogenic sarcomas varied from 0.5 to 50 
micrograms. This may appear a small amount of radioactive material to produce 
such severe changes, but several points most be considered. First, the early 
measurements were made only of radium, and other radioactive elements of shorter 
half-life, such as mesothorium, might have contributed largely to the initial radia- 
tion damage, though not to the final measurement of the activity. Secondly, the 
radiation dose received by a given part of the bone will depend on the concentra- 
tion of radium at that point, and a very non-uniform distribution of the radio- 
active material might lead to high levels of radiation dosage in certain areas. 

With regard to the first point, the possible role of mesothorium has been 
investigated by Evans (1950), who suggested that the radiation doss might, in 
certain cases, be increased several limes above that calculated for radium alone. 

In connexion with the non-uniTormity of the radium distribution in the bone 
valuable autoradiographic studiw were made by HoceVer and Roofe (1951). using 
bone scaions from two of the dial painters who had died vvith osteogenic sarcoma. 
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iind an oslcosarcoma in Ihc skuH 7 years after massive radioUierapy for u rciino- 
blastoma. 

The other eases of Cahan and his colleagues (1948) followed the treatment of 
benign bone lesions. It cannot be decided whether radiotherapy initiated the 
malignant process or merely accelerated the development of malignancy inherent 
in the benign conditions. The role of tuberculosis as a predisposing condition is 
emphasized by the fact that 13 eases reported in the literature (and reviewed by 
Cahan and his colleagues, Jones, and Lacassagne) occurred after the treatment 
of this condition and that 10 of them were localized in the knee joint. Jones re- 
ported a ease of an osteosarcoma of the jaw following radiotherapy for actinomy- 
cosis Altogether 39 eases of bone tumours arising after radiotherapy have been 
collected, 8 occurring in normal bones and the remainder in benign. bone lesions. 
For 38 of these eases Jones found an average latent period of 8‘6 years with a range 
of 3 to 22 years. 

In the cases of radiation-induced bone sarcomas reviewed by ‘Jones, the dose 
reported given was 3,000-4,000r or more. As already mentioned, however, a deter- 
mination of the radiation dose absorbed in bone is not straightforward. Depending 
on the quality of the radiation and on the position within the bone at which the 
dose IS delivered die radiation energy absorbed may be considerably greater, or m 
some circumstances less, thart that in soft tissue for the same dose in roentgens 
(Spiers, 1949, 1951). 

To summarize, it appears from the leports that a bone tumour following radia- 
tion treatment is rare; only two ease reports of osteogenic sarcoma in the nbs 
after irradiation following mastectomy have been found in spite of the large 
number of these treatments (hat have given. However, since the population 
at risk IS not known, no estimate of actual frequency can be made. 

Regarding the bone tumours produced by external radiation there is little data 
on the histological processes preceding the production of the malignancy and, in 
particular, on the degree of radiation osteitis present. Tn the radium cases, however, 
bone changes were shown by all patients who subsequently developed tumours. 
From Looney’s data on these cases it appears that bone tumours were observed 
in about one-fifih of the cases showing marked bone changes. 

Leukaemia 

During the last forty years reports have appeared suggesting that leukaemia 
incidence may be particularly high among radiation workers (Furth and Lorenz, 
1954). No figures relating to actual increase in incidence could, however, be given 
without knowledge of the population at risk, and this was first attempted by 
March (1944, 1950), who based the values for the incidence of leukaemia in 
radiologists and m non-radiological physicians over two periods 1929-44 and 
1944-48, on obituaries in the Journal of the American Medical Association His 
figures are set out in Table *iv. 

The difference in incidence, a factor of 9, is very considerable, but two considera- 
tions must be borne in mind. Firstly, there are large differences in leukaemia 
incidence between various social classes in the population for which there is at 
present no explanation (Henshaw and Hawkins, 1944), and, secondly, the com- 
pleteness of March’s data is doubtful. The difficulty of making any reliable 
estimate of the doses received by the early radiologists has been discussed; a 
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necrosis. Relatively Utile or no radioacItvUy was delected by means of autoradio- 
graphy in and around the atypical osseous tissue. Looney considered that the 
deposited radio-elements initiate a sequence of events leading to pathological 
alterations which are probably the end-result of many augmenting factors such as 
trauma, damage to the blood supply, decreased bone repair and increased bone 
destruction. He stressed the lack of correlation between the localization of radio- 
elements and of radiographic, pathological and histological changes. 


Latent period 

The latent period between the time of deposition and the development of 
symptoms of malignancy appears to decrease with increased burden of radium. 
In the first group of dial painters, analysed In J931, the mean latent period was 
9 years. In the second group of dial painters and in the group of patients given 
radium therapeutically, analysed in 1951, the average body burden was about onc- 
cjghth of that in the first group, and the mean latent period was about 25 years. 
There seems, however, in this series to be a definite threshold level for the develop- 
ment of malignancies at about 0.5-J microgram of radium as terminal body 
burden, and there can be no justification for assuming a linear relationship between 
dose and production of malignancy. The average age of the dial, painters was 17 
years at the time they started work with radium, whereas the average age of the 
treated group was 39 years. The results give no indication that age at the time of 
deposition is a major factor in the production of the radiation effects. 


Bone tumours folhwing radiation trcomiem 
Bone tumours have also been reported following (he radiation treatment of 
benign bone lesions, of osteomyelitis, of bone and joint tuberculosis, of chronic 
arthritis and very rarely in normal bone following treatment of overlying benign 
or malignant lesions. Reviews and additional cases have been published by 
Lacassagne (1945a and b); Hatcher (1945). Cahan and his colleagues (1948) and 
Jones (1953) The most convincing cases arc those where osteosarcomas followed 
the irradiation of normal bones in the treatment of other conditions. This group 
comprises the cases of Hatcher, where a tumour in the fibula and one in the ulna 
were observed 4 and 11 years after the treatment for tumours of the tibia and of 
the radius respectively, and in a third case a chondrosarcoma in the seventh rib 
followed 12 years after post-operative irradiation after radical mastectomy. 
Spitz and Higginbotham (1951) observed a bone sarcoma in the lumbar spine 
4 years after prophylactic irradiation (dose of about 5,000r) of the pelvic node 
region following orchidcctomy for seminoma. A similar case of osteosarcoma 
following a dose of 4,000r of 200 kV x-rays given m 70 days after orchidectomy 
was reported by Auerbach and colleagues (1951). In this instance the tumour 
probably arose in the paravertebral tissue and invaded the bone secondarily. Jones 
(1953) quoted a case of Kaae and Clann in which a fibrosarcoma of the mandible 
was found 13 years after a high radium dosage for a gingival epithelioma, and 2 
cases of Wolfe and Platt where a tumour in Che nasal bones followed radiotherapy 
for dermatoses. Cahan and his colleagues (1948) reported an osteosarcoma of 
the second rib 1 1 years after post-operative irradiation following radical mastectomy 
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inleresi centres around the experiences of the uranium miners of Schneeberg and 
Joachimsthal. 

Lung tamer in uranium miners 

Since the sixteenth century there have been reports of a specific miners’ sickness 
at Schneeberg (now m Eastern Germany) and at Joachimsthal (now in Czecho- 
slovakia). but not until the end of the last century at Schneeberg and later at 
Joachimsthal was it recognized that many of the miners were dying of malignant 
disease, at first erroneously diagnosed as lymphosarcoma, and later correctly 
diagnosed as lung cancer. A great deal of dust was present in these mines possibly 
containing traces of arsenic, cobalt and other metals and the high incidence of 
lung cancer was first ascribed entirely to these materials. However, when a high 
level of radioactivity in the air of these mines was observed this was considered a 
possible cause of the disease. A number of papers and reviews have appeared on 
this subject, those by Lorenz (1944) and Stkl (1950) being of particular interest. 

Figures given by Peller (1939) for the Schneeberg minefb, together with com- 
parative figures for males in Vienna are shown in Table V. 


TABLE V 

CRUDE CANCER MORTALITY PER 1.000 



Miners in , 

Schneeberg 

Vienna. Males 
15-79 years of age 
1932-36 


1875-1894 

1895-1912 

Lung cancer 

Cancer of other organs 

12 7±l 0 

2 4i0 4 

16 S±l 5 

2 1±0 6 

0 34 

2 1 


At Joachimsthal lung cancer was not recognized as a major cause of death 
among the miners until just before 1930, but the findings reported by Sikl (1950) 
for the periods 1929-30 and 1933-38, show clearly the prevalence of cancer of 
the lung in miners dying at that lime. Of the 52 deaths occurring over the second 
period about half were due to cancer of the lung and about half due to silicosis 
or tuberculosis, or a combination of both, as shown in Table VI, taken from Sikl 
(1950) 

TABLE Vt 


CAUSE OF DEATH OF JOACHIMSTHAL MINERS 1933-38 


Age class 

Cancer 
of lung 

Silicosis 

tuberculosis 

Other causes* 

20-39 

2 

10 

3 

40-49 . . . . ' 

n 

12 

2 

50 and over . . . . 1 

7 ! 

1 

— 

Total .. j 

20 

23 

5 

Average age at death 

47 6 

1 40 8 



* Endudinc 4 Violent deaths. 
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Period 

Non-rodMogtcal physicians 

Radiological physicians 

No. of deaths 

Leukaemia | 

No. oj deaths 

1 Leukaemia 

1929-44 n 

50,285 

221 (0 44%) 1 

175 

8(4-57%) 

1944-48 

15,637 

( 113(0 72%) 

124 

6 (4 84%) 

Total 1929-18 

65,922 

1 334(0 51%) 

299 

14 (4 68%) 


number of them must have been exposed to several hundred roentgens per year. 
However, the radiation received by these workers was relatively soft, and the 
absorption by clothes,. together with other factors, would lead to a very non- 
uniform dose on and in the body, and the significance of such non-uniformity of 
dose on leukaemogenesis m man is unknown. 

The second large group of data relating to radiation-induced leukaemia in man 
is provided by the atomic bombing of Hiroshima and Nagasaki. There are various 
reports including that of Lange, Moloney and Yamawaki (1954), indicating that 
the incidence of leukaemia (mainly of the myeloid type) has been much greater 
among survivors within two to three kilometres of the centre of the explosion 
than among those at a greater distance. Too great a reliance cannot be placed on 
the actual values of incidence quoted since the follow-up of survivors is still 
proceeding and attempts are being made to sort out the population movements 
that will affect the statistics. The radiation dose received by any given survivor is, 
and will remain, very uncertain, but the whole-body dose cannot exceed a few 
hundred roentgens, since the mean lethal'dosc for man is believed to be about 
400 roentgens. It is likely that in many cases the dosage was very non-uniform. 

The third group of human data which may have a bearing on the radiation 
Induction of leukaemia concerns persons with ankylosing spondylitis treated with 
x-rays (Court Brown and Abbalt, 1955). The preliminary report on 9,364 patients 
treated from 1940 to 1954 showed an incidence of leukaemia at least five times and 
possibly ten limes the expected number for a general population. Among those 
patients given more than one course of Ireaimcnl ihe observed deaths arc probably 
at least nine limes those expected to occur. It is possible that the bone marrow of 
patients with ankylosing spondylitis is abnormal and particularly susceptible to 
radiation and to the development of leukaemia after exposure. 

The range of treatment techniques and doses given in this scries is very great, 
and more data arc required before definite conclusions can be reached. 

Lung tumours 
Incidence 

No reports have been found in the literature of lung cancer following radiation 
dam.'igc to tlic lung by x-iays or y-rays. There have been at least two reports 
(Abrahamson, O'Connor and Abrahamson, 1950, and Yogtlin and Minder, 1952) 
of lung cancer following the injection ofThorolrast used as a radiographic contrast 
agent, but the c\idcncc of Thorotrast being the causal factor is not convincing in 
cither ca^c. Regarding a possible connexion between lung cancer and irradiation 
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to assess the role of radiation in the production of lung cancer in these miners 
Apart from the miners at Schneeberg and Joachimsthal there have been no 
other reports of an abnormally high incidence of Jong cancer in conditions where 
a high radon content of the atmosphere might be expected; this was discussed 
by Lorenz (1944). However, such a negative result must be treated with great 
reserve, ft is rare to meet conditions where any quantitative assessment of risk 
can be made, as was the case in the relat»%'cly closed communities of Schneeberg 
and Joachimsthal. 

Radiation-hituccd tumours at other sites 

With the exception of tumours in the neck region and sarcomas of the longue, 
reports of radiation-induced cancers at other sites are scanty or unconvincing. 

Female genital tract 

tn the female genital tract the incidence of ovarian tumours following artificial 
menopause induced by radiation varies in different scries between 0,2 and I per 
cent and is no greater than might be expected for the general population over the 
age of 40 years (Spccrl, 1952). Furthermore, this treatment is given to patients 
with some disorder of ovarian function which itself may predispose to tumour 
formation. Speert reported that in dincreni series only 2-3.5 per cent of patients 
with ovarian cancers had previous pelvic irradiation. Though 8 per cent of patients 
with cancer of the corpus had previous irradiation to the pelvis, on the average 
about 8 years previously, this might be attributed to a slowly developing lesion 
requiring the radiation treatment anti possibly a speeding up of the malignant 
process. 

Liver 

In the liver a haemangioendothelioma has been reported by Ross (1932) and 
attributed to the effect of radiation from a stray radium needle embedded in the 
interventricular septum of the heart. An endolhelial-cell sarcoma following an 
intravenous Thorotrast injection has been reported by McMahon, Murphy, and 
Bates (1947). 

Breast 

Lacassagne (1945a) stated there are no reliable reports of breast cancer due to 
radiation. 

Tongue 

There are at least 6 cases reported of sarcoma following the treatment of 
squamous-ccH carcinomas or of a papilloma of the tongue by interstitial radium 
insertions. Of these cases 4 have been reported by Gricouroff (1937, 1943), 1 by 
Deller (1951) and 1 by Marqu^, Planel and Hermons (1952). The average latent 
period varied from 4 to 19 years with an average of 9 years. 

Neck and thyroid 

Tumours in the neck region have been reported by Goolden (1951) and by 
Raven and Levison (1954), who collected 1 1 cases in the pharynx and I case in 
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The population of miners over this period was about 400, and the annual 
mortality rate for lung cancer works out at about 10 per 1,000, comparable to the 
values for the Schneeberg miners given above. 

Over the period 1933-38 the histological types of lung cancer found by Sikl 
were: epidermoid 9, oat-cell 10, polymorph sarcoma 1. Metastases were found in 
all cases. 

Data regarding the length of time spent in the mines before the development of 
the disease are only available for 9 lung cancer cases of Sikl between 1929 and 1930. 
In these 9 cases the average duration of work was 17 years and the shortest time 
13 years 

Radioaclivily of the mines and radiation dosage to the lungs . — Evans and Good- 
man (1940) gave a summary of the various measurements made of the radon 
concentration in the air of the various mines at Schneeberg and Joachimsthal. 
There is a range of variation of more than ten to one in the concentrations measured 
within the same mine and a variation of up to eight to one in the mean values for 
the different mines. The average value for all mines is about 3 x 10-® curies per 
litre, and this value is taken as the basis for an estimate of the radiation dose to 
the lung, though it must be remembered that the ventilation of the mines had been 
improved by the time the radon measurements were made, and that previous 
values of radon concentration may have been much higher than those measured. 

The radiation dose to the lungs produced by breathing a radon-rich atmosphere 
is not, however, mainly due to the radon itself, but to the short-lived solid daughter 
products also earned into the lung. For this reason the dust content of the atmo- 
sphere is of great significance, affecting the quantity of daughter products inhaled 
and, also, since dust will deposit selectively in the respiratory tract, leading possibly 
to relatively high local dosage in certain regions. 

Calculations of the dose received by the tracheal epithelium have been reported 
by Bale and Shapiro (1955). For normal dusty air and a concentration of 3 x 10"* 
curies radon pec litre the mean dose is about 0.2 rad per day. In \0 years the 
cumulative dose would be about 600 rad. Owing to selective deposition the dose 
might be more than 10 times the calculated average dose, so that in a lifetime the 
uranium miners might have received a dose to certain parts of the lung of 10,000 
rad of a-rays. 

It cannot be assumed, however, that radiation is necessarily the whole cause of 
the incidence of lung cancer in the miners. As stated, a great deal of dust was 
present in the air of mines, containing traces of arsenic, cobalt and other metals 
which might have a carcinogenic or a co-carcinogenic action. The incidence of 
silicosis and tuberculosis in the Joachimsthal miners indicate the serious effects of 
the dust, and a possible causal connexion between these lung conditions and 
cancer must be considered Sikl pointed out, however, that on the whole silicosis, 
though present, was not extensive in the cases of cancer of the lung The lungs 
most heavily affected with silicofibrosis were generally free from malignant growth 
It is to be noted, from Table Vf, that the average age of death from silicosis and 
tuberculosis was slightly less than that for cancer of the lung. Silicosis and tuber- 
culosis may have enhanced the carcinogenic effect of radiation, as tuberculosis docs 
in other sites, and silica in the animal experiments of Burrows, Mayneord and 
Roberts (1937). These factors, in addition to the frequency of respiratory troubles 
due to poor working and living conditions (see Lorenz, 1944) make it difficult 
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ihyroid arising In adolescents Tollowing irradiation in infancy. In the latter ease 
interference witli endocrine balance may play a part. 

The role of tuberculosis and some other inflammatory conditions in enhancing 
the carcmogenic cfTcct of radiations appears established for tumours of the skin 
and bone. The periphery of areas of chronic radiation damage appears to be the 
Site of origin of radiation-induced tumours of the skin, and this may also apply 
to the bone tumours. 

Lnilc is known about the proccises intervening between the irradiation and the 
subsequent malignant change, and whether severe injury with incomplete regenera- 
tion IS a constant and necessary condition for later malignant change. 

As late radiation effects arc as a rule available only for human studies and data 
on radiation doses are incomplete, even if available, animal experiments must be 
used to solve many of the outstanding problems, which can be summarized as 
follows; (I) Variation of tumour Incidence with (o) dose of radiation, (/>) dosage 
rate, protraction and fractionation of dose, (e) volume of tissue irradiated. (2) 
The susceplibility of tissues and organs to the carcinogenic cfTccts of radiation 
and its variation with (q) individual sensitivity and sex, (h) (he functional activity 
of the tissue and the influence on it of hormones, (c) the presence of predisposing 
factors such as tuberculosis and other inflammatory conditions. (3) The mechan- 
ism of action of radiation as a carcinogen; this involves an enquiry into the 
processes intervening between the actual irradiation and the onset of malignancy, 
and a comparison of these processes with those in the development of cancers 
induced by chemical carcinogens. 

The animal experiments which arc summarized arc chosen only for their value 
In elucidating the problems resulting from the analysis of the human data and 
are not intended as a complete catalogue of the experimental work done. 

EXPERIMENTAL INDUCTION OF CANCER BY RADIATION 
Introduction 

The first successful attempt to demonstrate the carcinogenic cfTecl of radiation 
in animals was reported in 1910 by Mane, Clunct and Raulol-Lapointc. They 
obtained a sarcoma in a rat treated over the sacro-ischial region by repeated small 
doses of radiation which accumulated to about I3,000r in 18 weeks (Lacassagne, 
1945a). Bloch (1924) was the first to produce a carcinoma, by localized irradiation 
of a rabbit’s car, with a dose amounting to about 38,OOOr in 32 months. This result 
was confirmed by Schurch (1931a and b). 

Carcinogenesis by localized radiation was studied also by Goebel and Gerard 
(1925), using guinea-pigs, JonkholT (1928) and Sedginidse (1933), using mice, and 
Uidm (1934). who produced a sarcoma in the knee joint of rabbits. In all these 
experiments fractionated small doses were given over a long period of time and 
tumour formation occurred after a protracted interval following a large total 
dose, thus reproducing the conditions under which skin and bone tumours developed 
in radiological pioneers and patients. 

The first report of a single dose of x-rays, of 1 ,000r only, acting as a carcinogenic 
agent is due to Lacassagne and Vincent (1929), who produced sarcomas in rabbits 
on irradiation of an abscess caused by StreplobaciUus cavhe. Later work of 
Lacassagne (1933) and of Burrows, Mayncord and Roberts (1937) showed that 
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the thyroid gland. In 7 of these cases intensive x-ray treatment was given for 
thyrotoxicosis and in the remaining 5 for tuberculous cervical lymphadenitis. In 
all but one of Goolden’s cases there was evidence of severe skin injury. The latent 
period varied from 13 to 30 years and averaged 24 years. The thyroid tumour 
was an adenocarcinoma, and of the 1 1 tumours of the pharynx region 10 were 
carcinomas and one a sarcoma. 

An increased incidence of thyroid tumours has been reported recently following 
x-radiation of the neck region in infants for thymic enlargement and other neck 
conditions. Duffy and Fitzgerald (1950) reported that 10 of 28 patients with cancer 
of the thyroid under the age of 18 had previous radiation of the thymus. Simpson, 
Hempelmann and Fuller (1955) surveyed K722 children treated by x-rays for 
thymic enlargement and compared them with !,795 children not treated. Of the 
first group only 1,400 children were traced and in this group 7 patients with 
leukaemia, 6 with thyroid cancer and 9 with thyroid adenomas were found as 
against 1 with a thyroid adenoma and none with leukaemia or thyroid cancer in 
the control series. The treatment doses varied from 50r to l,500rwith the majority 
below 600r. In 604 of the cases which received less than 200r 3 patients with 
leukaemia but none with thyroid tumours were found, while in 804 cases treated 
with more than 200r there were 4 patients with leukaemia, 6 with thyroid adenomas 
and 6 with carcinoma of the thyroid, Clark (1955) reported at the Geneva Con- 
ference 13 cases of thyroid cancer in adolescents under 15 years of age who had 
been irradiated over the neck region at ages varying from 2 months to 6 years. 
The treatment doses varied from 200r to 725r and thyroid cancers were found 3- 
10 years later. He also suggested that the increased incidence of thyroid cancers 
in children reported by Winship (1951) may be due to the greater use of radiation 
in treating thymic enlargement in them. TTie doses of radiation involved in these 
cases are surprisingly small and Hempelmann suggested that their carcinogenic 
effect may be due to interference with the inter-relationships of thymus and thyroid 
and of the pituitary in so far as the production of thyroid-stimulating hormone is 
concerned. These tumours may, therefore, be comparable with some of the 
endocrine tumours found after small doses of radiation in animals. 

Summary 

A number of cases of human cancer ascribed to previous irradiation have been 
described. This number is very small in comparison with the total number of 
persons who have been exposed to radiation either occupationally, or during 
ircalmcnl or investigation. Except for the radium dial painters, it is impossible to 
estimate the total population at risk, and in general, it is impossible to determine 
the frequency of malignant change following a given type of radiation exposure. 
The latent period for the development of radiation-induced tumours is \cry 
variable, but is frequently 10-20 years. 

In skin and bone tumours, the dose of radiation received appears in the majority 
of cases to be of the order of thousands of roentgens and this applies to both 
concentrated and to chronic exposures. The human data are not adequate to 
determine the rclatnc effectiveness of a given dose of radiation given over various 
pcriotls of time. 

The evidence suggests that smaller doses of radiation may be sufficient for 
leukaemia production (at least in concentrated exposure) and for tumours in the 
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colleagues (1953) had 32 HoUzmunn fematc rats surviving an x-ruy dose of 7(K)r 
when kept in parabiosis for 30 days. They reported 1 basal-cell caremoma and I 
librosarcoma in the region of one of the mammary glands. 

Whole-body exposure to single doses of x-rays in male rats (Koletsky and 
Gustafson, 1955) produces fibromas of the skin in cither the dermis or the sub- 
cutaneous region. Of 123 rats surviving a dose of 660r 40 had a total of 1 18 such 
tumours, which often became very large. 

fn these experiments the incidence of tumours of the skin is relatively small and 
vanes between 5 and 16 per cent. None of these experiments give any information 
about the mechanism of carcinogenesis, but establish that “small" doses given as 
whole-body radiation may play a role in the formation of skin tumours. Whether 
doses of the lethal range should be described as “small" simply because very much 
greater dosages are tolerated when localized over parts of the body is another 
problem. 

Though not strictly whole-body radiation it is convenient here to discuss the 
work with external /^-sources irradiating the surface of the body. A great variety 
and number of skin tumours and of subcutaneous tumours has been reported by 
Henshaw, Riley and Stapleton (1947), Henshaw, Snider and Riley (1949) and 
Raper, Henshaw and Snider (1951) following exposure of mice and rats to single, 
repeated and chronic irradiation by ^-rays from Unfortunately little histology 
was done on this material and the tumours arc classified as cutaneous when in the 
skin, or subcutaneous when the skin was mobile above it. There is a suggestion 
that the latter tumours are associated with the breast since their spontaneous rate 
is much higher in female than in male Sprague-Dawley rats, as shown'in the data 
of Henshaw, Snider and Riley (1949). 

Henshaw and his colleagues compared the effect on rats of repeated doses of 
/?-radiation (from ’^P) given over the whole skin surface, at 0.5, 5.0 and 50 rep 
per day, with those of single exposures of 4,500, 6,500 and 8,500 rep. Observations 
were continued up to 19 months after starting, although by this time all the animals 
given single exposures were dead. 

Repealed doses of 0,5 and 5.0 rep per day appeared not to affect materially the 
incidence of the skin tumours, but at 50 rep per day tumours began to arise about 

TABLE VI! 

TUMOUR JNaOENCE FOLLOWING [i-RADIATION 


(data ahsiracied from Henshaw) 




No. of 
rais ! 
surviving 

No. of 
rats with 
tumours i 

No. of tumours 

Group 

Sex 1 

Sub- 

cutaneous 

Cutaneous 

Controls at 19 months 

Male 1 

51 

B 1 

8 

1 

50 rep/day for 19 months (■= 24,600 

Female 

1 

37 

24 1 

1 

33 

71 


Male 

17 

17 ' 

31 ! 

Single dose of 4,500 rep at 15 

Female . 

14 

]4 

22 

13 

months 

1 Male 

11 

11 

20 

73 
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a single small localized dose of irradilion could cause a sarcoma in an inflamed 
region. 

Tumour production following whole-body exposure to irradiation was first 
observed by Krebs, Rask-Nielsen and Wagner (1930), in experiments designed to 
reduce the immune response of mice to grafting. They reported the occurrence of 
lymphoid leukaemia. The first specially designed whole-body experiments to 
produce tumours were undertaken by Furlh and Furth (1936) and Furth and 
Butterworth (1936) using single and repeated exposures. They found significant 
increases in the incidence of lymphoid and of myeloid leukaemia, of ovarian and 
lung tumours. Experiments with chronic whole-body irradiation on mice, rats, 
rabbits and guinea-pigs have been reported by Lorenz and his colleagues (1947) 
using /?-rays on rats and mice. 

Other series of experiments deal with tumour production following exposure to 
neutrons, to nuclear detonations and to the injection of various radio-isotopes. 
The early work has been summarized by Lacassagne (1945a and b), and later 
experimental work by Furth and Lorenz (1954), by Brues (1951, 1954), by Furth 
and Upton (1953), and by Furth and Tullis (1956). 

Carcinogenic effect of whole-body radiation 

For single whole-body exposure the dose necessary to produce malignant change 
in a reasonable proportion of the animals is generally found to be within the 
lethal range, so that many of the animals die before any tumours can appear. The 
main danger to survival in the acute syndrome is the depletion of the bone marrow 
and other blood-forming organs, and recently protection of the animals for the 
critical first few weeks has been achieved by establishing parabiosis between litter 
mates (Finerty and his colleagues, 1953), or by using various chemical “protective 
substances” injected prior to irradiation (Brecher, Cronkite and Peers, 1953). 
From these experiments and from those using sub-lethal doses (Koletsky and 
Gustafson, 1955) it is found that single radiation doses of from 600 to ],000r 
induced in rats tumours at various sites in about one-third of the animals surviving 
for at least six months after exposure. The majority of these tumours occurred 
in the skin, kidney and bone, and are discussed under the various sites. 

In the chronic experiments an effective dose of radiation is accumulated slowly, 
and consequently it is difficult if not impossible to determine the latent period. 
On the other hand, considerable doses of radiation are tolerated when applied in 
this fashion. It is also not possible to determine the dose necessary for tumour 
formation since in chronic experiments radiation is usually continued until tumours 
become visible or the animal dies, and thus a considerably greater amount of 
radiation may be accumulated than is actually required (Mole, 1955). 

Skin tumours 

Koletsky and Gustafson (1955) obtained 10 basal-cell carcinomas in 8 rats and 
9 skin sarcomas in 9 rats in a group of 123 Wistar rats surviving for 6 or more 
months following a single dose of 660r of x-rays. Brecher, Cronkite and Peers 
(1953) had 21 female Spraguc-Dawlcy rats surviving for 6 or more months after 
exposure to a single dose of 700-l,000r of x-rays. Among the tumours-was a 
fibrosarcoma of the skin 11 months after exposure to 700r. Finerty and his 
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Broun (1952) using C57 black mice, 30-36 days old, studied the influence of dose 
fractionation on the incidence of lymphomas at different dose le\els. Table 
VIII gives some of their data for two dose Ie\els. An optimal fractionation is 
found when the interval between treatments is 4-8 days. The existence ofan optimal 
spacing suggests not only recovery from radiation effects but the balancing of 
\arious processes in the leukaemogenesis. 


TABLE VItt 

VARIATION OF LEUKAEMOGENIC EFFECT OF X-RAYS 
WITH FRACTIONATION. ON C57 BLACK MICE 


(Kapfan amf Brot*n, I9S2) 


A'o of 
Jraciinnx 

0\ trail 
time 

t ft ter tat 

IttlM ten 
fractions 

1 Total dose 

1 475r 

1 673r 

A'o mice 
at risk 

% 

1} mphoma 

A'(J. itiice 
at risk 

lymphoma 

1 ' 

About 16 mm. 


29 

41 ; 


_ 


1 day 

i day 

26 

35 

14 1 

« 

4 

3 days 

1 day 

27 

33 

44 

66 

8 

7 days 

I day 

27 

37 

25 ' 

52 

4 

12 days 

4 days 

•51 

76 

32 

75 

4 

24 days 

, 8 days 

49 

61 

43 

93 

4 

4S days 

1 I6 days 

50 

24 

50 



At no dosage level did many leukaemias appear before 1(X) days, and at all 
dosage levels (except the lowest, 283r) practically all leukaemias had appeared by 
300 days, though observations were continued until 600 days. With increasing 
dosage in the range of 283-475r single exposures raised the lymphoma Incidence 
from 13 to 40 percent. The tola! lymphoma incidence could, however, be increased 
to nearly 100 per cent by exposure to fractionated doses totalling 950r. Females 
were more susceptible than males and the initial number of mice per litter w’as al^ 
of significance, ft is evident that a number of factors play a role in leukaemogenesis 
by irradiation 

Further evidence for the complexity of the process is given by the work of 
Kaplan and his colleagues relating to partial body radiation (Kaplan and Brown. 
1951). Shielding of part of one femur will greatly reduce the lymphoma incidence, 
as w'll! whole-body irradiation to the upper and lower halves of the animal given 
with an interval greater than 24 hours. Related to these findings is the obser\'ation 
that intravenous injection of bone marrow suspensions made from the femoral 
marrow of 60-day-oId mice can protect against the leukaemogenic action of whole- 
body radiation (Kaplan, Brown and Pauli, 1953). This effect is maximal when 
the Injection is made li hours after irradiation and falls off when the interval 
between irradiation and injection is increased. The effect of protection is greater 
in males than in females. In mice given 673r in 4 fractions at 8-day inten-als over 
32 days (see Tabic VIII) injection of the suspension li hours after exposure reduced 
the incidence of lymphoma to zero In 17 male and to 14 per cent in 14 female mice. 
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10 months after the start of treatment and all the animals had tumours by 19 
months. Attliough the spontaneous incidence of tumours Is higher in females 
ihan m males, the radialiominduced incidence was much higher in the males. 
This h evident m the 19 month results shown in Table VU which also includes 
certain figures for control rats, together with the tumour incidence at 15 months 
for male rats given a single dose of ^,500 rep 
A most important finding of these investigations was that single doses were 
much more cfiicicnt in the production of the skin tumours than the chronic 
exposures. U Is seen in Table Vfl that at 15 months following a single dose of 
4,500 rep the mean number of tumours per animal was greater than at 19 months 
foilowing 50 rep per day for 6 days in the week, representing an accumulated 
dose of 24,600 rep. With single doses of 6,500 and 8,500 rep the number of tumours 
produced was considerably greater still. Henshaw and his colleagues mentioned 
that the generalized tnacroscopic skin changes before the appearance of skm 
tumours were much more severe in the rats given single exposures than those 
given 50 rep per day, and this may be an important factor in determining the 
relative effectiveness of concentrated and chronic exposure 

SoRc tumours 

Most experimental work on bone tumours has been carried out with local 
external radiation or, as discussed »n detail later, by the use of radio-elements 
either introduced mechanically into the neighbourhood of bone or deposited 
mctabolically after ingestion or injection. Kolctsky and Gustafson (1955) have, 
however, reported finding osteogenic sarcomas in 5 out of 123 rats given whole- 
body radiation of 660r. The sites of the tumours were, humerus (2), tibia and fibula 
(2) and pelvis (J). 

Thymic tumours and (euKacmia 

\Vholc*body radiation has been found to be a powerful Icukacmogenic agent in 
mice, though in other species of experimental animal there arc v’cry few reports 
of radialion-mduccd leukaemia Most of the experimental work has been with 
}>mphomas originating in ihc thymus (Purth .nnd Upton, 1953. Forth and Lorenz, 
1954) Myeloid leukaemia appears to be a rare sequel of irradiation in mkc. 

In assessing the efficiency of radiation as a Icukacmogenic agent in mice it js 
necessary to consider the influence of various factors on the incidence of these 
tumours The spontaneous incidence varies with strain from almost 9D per cent 
in some to about 5 per cent in others. Within the same strain females may be more 
prone to the disease than males. The incidence of these tumours can be increased 
in some strains by oestrogenic honnoncs. ofchidcctomy, adrenalectomy, and by 
subcutaneous injection of carcinogenic hydrocarbons such as 9, lO-dimcthyM, 
2-bcn7aniluaccnc. The incidence of lymphomas is reduced by thymectomy, 
androgenic hormones and cortisone (Gardner, 1953). 

Single doses of whole-body irradiaTion as well as fractionated doses h.ise l>ccn 
found to Iv: Icukacmogenic Drucs and his colleagues (1949), using Cf, female 
mice, found that a whole-body irradiation of 400f of x-rays given over 10 d.ays in 
doves of 4Qf d.iily was more efiVctive m inducing lymphomas than, a single dose of 
400r. or the same dose given over 40 days in fractions of JOr daily. Kaplan and 
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Brown {}952) using C57 bJacK mice, 30-36 days old. siudied the inHuence of dose 
fractionaiion on the incidence of lymphomas al difTerent dose levels Table 
Vin gives some of their data for two dose levels. An optimal fractionation is 
found when the interval between irc-^lmcnts is 4-8 days. The existence of an optimal 
spacing suggests not only recovery from radiation effects but the balancing of 
various processes in the leukaemogencsis. 


TABLE Vttt 

VARIATION OF LEUKAEMOGEMC EFFECT OF X-RAYS 
WITH FRACTIONATION. ON C57 BLACK MICE 


{Kaplan ami Bronn^ 1952) 


A'o of 
fraciMttf 

Oterall 

lime 

Imenal 

hetuoon 

fraetions 

Total dose 

475r 

673r 

Na. mt(f 
at risk 

% 

hmphoma 

S’o inlef 
at mk 

% 

lymphoma 

i 

About 16 mm. 

_ 

29 

41 

f— 


2 

) day 

i day 

26 

35 

14 

64 

4 

3 days 


27 

33 

44 

66 

8 

7 days 

I day 

27 

37 

23 ' 

52 

4 

t2 days 

4 days 

51 

76 

32 

75 

4 

24 days 

8 days 

49 

61 

43 

93 

4 

48 days 

16 days 

50 

24 

50 



At no dosage level did many leukaemias appear before 100 days, and at all 
dosage levels (except the lowest, 283 t) practically al! leukaemias had appeared by 
300 days, though observations were continued until 600 days. With increasing 
dosage in the range of 283-475r single exposures raised the lymphoma incidence 
from 13 to 40 percent. The lotallymphoma incidence could, however, be increased 
to nearly 100 per cent by exposure to fractionated doses totalling 950r. Females 
were more susceptible than males and the initial number of mice per litter was also 
of significance It is evident that a -number of factors play a role in leukaemogenesis 
fay irradiation. 

Further evidence for the complexity of the process is given by the work of 
Kaplan and his colleagues relating to partial body radiation (Kaplan and Brown, 
1951). Shielding of part of one femur will greatly reduce the lymphoma incidence, 
as Will whole-body irradiation to the upper and lower halves of the animal given 
with an interval greater than 24 hours Related to these findings is the observation 
that intravenous injection of bone marrow suspensions made from the femoral 
marrow of 60-day-old mice can protect against the leukaemogenic action of whole- 
body radiation (Kaplan, Brown and PauH, 1953). This effect is maximal when 
the injection is made l-J hours after irradiation and falls off when the interval 
between irradiation and injection is increased. The effect of protection is greater 
in males than in females. In mice given 673r in 4 fractions at 8-day intervals over 
32 days (.see Table Vlfl) injection of the suspension 1^ hours after exposure reduced 
the incidence of lymphoma to zero in 17 male and to 14 per cent in 14 female mice. 
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The reduction was less with a delay of 24 hours (Kaplan and Brown, 1951, Kaplan 
and Ins colleagues, 1955) and negligible after a delay of 4 days. 

The role of the thymus in the development of lymphomas js of great interest. 
Thymectomy prevents or reduces the development of lymphomas in irradiated 
mice, but irradiation of the thymus is not necessary for the tumour development 
(Lorenz and Eschenbrenner, quoted by Furth and Lorenz. 1954) Kaplan, Brown 
and Pauli (1953) and Kaplan and Brown (1954) grafted non-irradiated thymic 
glands from litter mates into the axilla of irradiated but thymectomized mice and 
obtained tumours which demonstrably started in the grafted non-irradiated thymus. 
On the other hand, in Kaplan’s experiments, shielding of the thymus suppressed 
the incidence of lymphomas. Lacassagne (1954) pointed out that after grafting, 
as after irradiation, degeneration of thymic cells occurs before regeneration sets 
in and that the systemic changes induced by radiation stimulate the regenerating 
thymus to lymphoma production. 

Lorenz and his colleagues (1947) used LAFj mice for their studies with chronic 
exposure to y-rays at various daily dose rates. At daily exposures of 8'8r the 
incidence of lymphomas was significantly increased and the latent period shortened 
as compared with controls. At levels of 4*4r per day and below, the incidence of 
lymphomas was not increased, though there is a suggestion that at this dosage 
rate the latent period was decreased. 

In rats, Koletsky and Gustafson (1955) found only 2 lymphosarcomas among 
their 123 rats surviving 660r of whole-body x-irradiation for 6 months or more. 
Furth and Lorenz (1954) quoted Metcalf and Inda who observed some leukaemias 
in rats exposed for 2 years to doses of 0,1-lOr per day. 

Lung tumours 

Some strains of mice arc particularly prone to the development of lung adenomas. 
These arc benign tumours, alveolar in origin and arc found in about 50 per cent 
of strain A mice at 12 months and In about 75 per cent at 18 months. These 
tumours arc not lethal and are found incidentally at autopsies. Lorenz and his 
colleagues (194G) using chronic y-irradtaiion at 8*8r per day were able to increase 
the incidence of lung tumours in strain A mice to 77 per cent at about 1 1 months 
as compared with 47 per cent In llic control group. These authors pointed out 
that though this increase is significant for the period of observation, exposure to 
radiation may have done no more than hasten the formation of these adenomas 
without increasing the total incidence. 

There is a suggestion that chronic y-radi.nlion at O'l Ir per day may increase the 
incidence of lung adenomas in male LAFj mice, but decrease it in female mice 
(Loren? and his colleagues, 1955) However, the life-span of the irradiated males 
was significantly longer than that of the non-irradiated controls, which may 
account for the observed increase in males. The life-span of irradiated and 
control females was not significantly difTcrent. 

Hcnvhaw, Riley and Stapleton (1947) niso reported a decrease in lung adenoma 
incidence In female mice given single doses of y-radiation or of fast neutrons, and 
that the decrease is more marked with higher doses, though they did not discuss 
tlic possible cnVcl of decreased life-span in ihcir experiments. 

Loren? and his colleagues (1947) observed several lung tumours in guinea-pigs 
following continued exposure for 3 or more years, at an unstated dosage lescl. 
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HjstoioyjcaDy, Ihcbc tumours resembled the lung tumours of mice. At the lime 
of reporting no king tumours had been observed in control guinea-pigs. 

Bronchogenic cancers in rats several months after intubation of ^^’Ce were 
rcpoitcd by Lisco and Finkcl (1949), This demonstrates that radioactive materia! 
deposited in the bronchi can produce carcinomas, but it must be noted that although 
no estimate cun be made of the actual radiation dose given in these experiments it 
was sudicieni to cause very severe lung damage. 

Tumours of the ovary and testis 
Ovarv 

In mice of some stntins ovarian tumours occur spontaneously with a high 
frequency but arc absent in others. X-irradialion appears to increase their incidence 
m all strains whether it « given as single doses or as fractionated or chronic treat- 
ment. The tumours are usually benign, hardly affect the life-span, and seldom 
mctastasi 2 e. They arc often multiccnlric in origin, frequently bilateral and ihc 
majority arc of the granulosa cell type, though iufeomas. tubular adenomas, 
hdcmanglomas, endotheliomas and even sarcomas have been reported. 

Since the original discovery of the increase by x-irradiation in ovarian tumour 
mcidcncein 1936 {Furth and Furth, 1936; Furthand Buiierworth, 1936)numcrous 
investigators have confirmed (heir observations (Liefe, Kirschbaum and Mi.xer, 
1949; Henshaw, Riley and Stapleton, 1947). Lorenz and hb colleague? (1947) 
found m experiments with LAFj mice that chronic exposure to O'llr of y-rays 
daily raised the incidence of ovarian tumours from 14 per cent in the untreated 
controls to 66 per cent, fn a repeat experiment, however, with a larger group of 
animals (Lorenz and his colleagues, 1955) the incidence in the 101 controls was 
found to be only 4 per cent, while the incidence was 1 1 per cent in the 98 treated 
females, 


TABLE IX 

RESULTS OF IRRADUTION OF WHOLE BODY AND OF OVARIES ONLY 
IN MICE 


Do-if 

No of 
mm 

No. h oh 
o\xirlan tumours 

% incidence of 
ovarian tumours 


Whole-body irrad/ation 


0 1 

24 i 

0 

0 

12 5r 1 

10 

0 

0 

25r 

10 

0 

0 

50r 

17 

12 

70 

lOOr 1 

10 i 

9 

90 

200r 

9 ! 

9 

too 

300r 

9 

8 

100 

400r 

8 

8 

100 


Ovanes only trndiated 


50r 1 

18 

S 

28 

lOOf 1 

10 

3 

30 

200r 

8 

4 

50 

300f 

9 

9 

100 

400r 1 

8 

8 

iOO 
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The cfTccl of single doses of x-rays given to the whole-body or to the ovarian 
region only in LAFj mice was investigated by Dcringcr, Lorenz and UphofT 
(1955), and their results are shown in Tabic IX. 

The greater effectiveness of whole-body irradiation as compared with exposure 
of the ovarian region only indicates an influence of systemic factors. However, 
shielding of the ovaries (by exteriorization) during irradiation of the mouse with 
doses of up to 900r failed to induce any ovarian tumours (Dcringcr, Lorenz and 
Uphoff, 1955). Gardner (1950) had previously shown that ocslradiol injection 
prevented ovarian tumour production in mice given whole-body exposure to 280 to 
3g0r, whereas injection of testosterone propionate promoted the formation of 
ovarian tumours in irradiated mice (Gardner, 1953). Lick, Kirschbaum and Mixer 
(1949), using Bagg albino mice, found that irradiation of only one ovary with 
200r failed to Induce ovarian tumours when the other ovary functioned, tf the 
other ovary was removed, an ovarian tumour developed in the irradiated ovary. 
Irradiation of both ovaries with 200r gave bilateral tumours in all 4 mice so treated. 
When irradiated ovaries were grafted into spayed mice or into irradiated mice 
(Kaplan, 1950), ovarian tumours developed in the grafts but failed to appear after 
grafting into untreated females, while non-irradiaied ovaries grafted into spayed 
mice failed also to develop tumours. Thus direct eflccls and systemic factors includ- 
ingchanged pituitary activity are necessary for the production of ovarian tumours. 

Biskind and Biskind (1944) found that the grafting of ovaries into the spleen 
of spayed rats and mice caused tumours in the ectopic ovary. While normally the 
hormones produced by the ovaries pass through the circulation to the pituitary 
and thus damp down the output of gonadotropic hormones, the hormones of the 
ectopic ovary are carried to the liver with the splenic blood and there metabolized. 
Hence there is a low blood level of ovarian hormone which stimulates the pituitary 
to the production of gonadotrophic hormones. If ocsirogens are administered to 
such spayed animals with ovarian grafts in the spleen the tumour formation is 
suppressed (Li and Gardner, 1949). On the other hand, the administration of 
gonadotrophins to mice has failed to induce ovarian tumours and their effect on 
rats is doubtful (Gardner, 1953). 

While the Biskind phenomenon can be observed in rats and vn mice, radiation 
has so far produced ovarian tumours in mice only. 

In ectopic as well as in irradiated ovaries the ova disappear and follicle formation 
is initially inhibited. This is followed by invaginaiive tubular downgrowth of 
germinal epithelium which gives rise to the tumours Irradiated mice given large 
doses of oesirogens form anovular follicles instead of the tubular downgrowihs and 
thus do not produce tumours (Gardner, 1955). 

The ovarian tumours produce oestrogenic hormones and while in the ectopic 
ovaries these too reach the liver and are there metabolized, they reach the circula- 
tion from the irradiated ovarian tumours in situ and should thus damp down the 
pituitary output of gonadotrophins and thereby restrain tumour growth. This in 
fact does not happen and suggests that the pituitary does not respond to the 
hormones produced by the tumours. Alternately the tumours may be able to 
grow without further pituitary stimulation. This phenomenon as well as the 
necessity to irradiate the ovaries directly suggests that the mechanism by which 
ovarian tumours arc produced by irradiation is different from the Biskind pheno- 
menon. 
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Lorenz (1950) found that increasing the dose docs not shorten the latent period 
for ovarian tumours as it docs for leukaemia. Furthermore the threshold dose for 
ovarian tumour development K fairly sharp between 25 and 5Qr for LAF, mice 
(Dennger, Lorenz and Uphoff, 1955). Single exposures are apparently as elTeclivc 
as chronic exposure but the long latent period makes it dilTicult to be certain on 
tilts point 

Ti'sli.s 

Though the testis is one of the most radiosensitive organs in the body no reports 
of tcsiicul.ir tumours induced by radiation are mentioned in the literature. This 
IS surprising as nodular hyperplasia of the interstitial tissue of the testis is not 
uncommon (Gardner, 1953). In rats, grafting of testes to the spleen of gonadecto- 
mized animals produced interstitial cell tumours and in mice these tumours have 
been produced in some strains by the administration of ocstrogens. 

Bivast tumour'! 

Most of the experimental work has been done with mice, where the occurrence 
of breast tumours is influenced by (1) genetic factors, as shown by the difference 
m incidence with strain, (2) hormonal factor?, demonstrated by the greater incidence 
of breast cancer In Intensely breeding as compared with virgin mice of the same 
strain, and (3) the presence or absence of the “milk factor” of Bittner which is 
curried over to suckling mice by the milk of their mothers or foster-mothers. All 
these factors must be considered when interpreting the results of radiation experi- 
ments. For msiance, acute-massive doses of radiation h-avc reduced cancer incidence 
m some strains, presumably because of the sterilization of the mice (Lorenz and 
Ins colleagues, 1951) In C3Hb mice (which carry the milk factor) exposure to 
chronic irradiation has failed to influence the incidence of breast tumours On 
the other hand, m LAFj mice and In C3Hb mice which are fred of milk factor 
the incidence of breast tumours was increased by exposure to chronic irradiation 
from a radium source. 

In LAF, mice exposed to 0'{l-8'8r of y-rays from radium daily the incidence 
of carcinomas increased to 15 per cent and that of sarcomas to 25 per cent while 
none were found in 29 controls, ft is noteworthy, however, that the increase in 
breast tumours did not increase with increasing daily dose rates and that a dose 
rate of 2*2r daily was ‘‘optimar’ in producing breast cancers (Lorenz and his 
colleagues, 195)). 

In C3Hb mice (free of milk factor) the control incidence for breast tumours was 
4 per cent m 160 virgin mice and 38 per cent in intensely breeding females. Irradia- 
tion of virgins with 8*8r of x-rays daily increased the tumour incidence to about 
30 per cent m 91 mice for sarcomas and to about 20 per cent for carcinomas. In 
ihc intensely breeding controls the tumours are mainly adenocarcinomas, there 
were only i sarcoma and I carcinosarcoma in this senes. Methyl cholanthrenc 
painting of mice free of milk factor has produced, like irradiation, a similar 
diversity of sarcomas and carcinomas. 

fn irradiated mice breast tumours occur frequently in association with ovarian 
tumours and it is thought (Furth and Lorenz, 1954} that in spite of the sterilization 
by irradiation the subsequent production of hormone-secreting ovarian tumours 
may account for the increased incidence of breast tumours. However, in the 
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The cffccl of single doses of x-rays given to the whole-body or to the ovarian 
region only in LAF, mice was investigated by Dcringcr, Lorenz and Uphoff 
(1955), and their results arc shown in Table fX. 

The greater cfTcctivcness of whole-body irradiation as compared with exposure 
of the ovarian region only indicates an influence of systemic factors. However, 
shielding of the ovaries (by exteriorization) during irradiation of the mouse with 
doses of up to 9(X)r failed to induce any ovarian tumours (Dcringcr, Lorenz and 
Uphoff, 1955). Gardner (1950) had previously shown that oestradiol injection 
prevented ovarian tumour production in mice given whole-body exposure to 280 to 
380r, whereas injection of testosterone propionate promoted the formation of 
ovarian tumours in irradiated mice (Gardner, 1953), Lick, Kirschbaum and Mixer 
(1949), using Dagg albino mice, found that irradiation of only one ovary with 
200r failed to induce ovarian tumours when the other ovary functioned. If the 
other ovary was removed, an ovarian tumour developed in the irradiated ovary. 
Irradiation of both ovaries with 200r gave bilateral tumours in all 4 mice so treated. 
When irradiated ovaries were grafted into spayed mice or into irradiated mice 
(Kaplan, 1950), ovarian tumours developed in the grafts but failed to appear after 
grafting into untreated females, while non-irradiated ovaries grafted into spayed 
mice failed also to develop tumours. Thus direct eflccts and systemic factors includ- 
ing changed pituitary activity are necessary for the production of ovarian tumours. 

Biskind and Biskind (1944) found that the grafting of ovaries into the spleen 
of spayed rats and mice caused tumours in the ectopic ovary. While normally the 
hormones produced by the ovaries pass through the circulation to the pituitary 
and thus damp down the output of gonadotropic hormones, the hormones of the 
ectopic ovary are carried to the liver with the splenic blood and there metabolized. 
Hence there is a low blood level of ovarian hormone which stimulates the pituitary 
to the production of gonadotrophic hormones. If oestrogens arc administered to 
such spayed animals with ovarian grafts in the spleen the tumour formation is 
suppressed (Li and Gardner, 1949). On the other hand, the administration of 
gonadotrophins to mice has failed to induce ovarian tumours and their effect on 
rats is doubtful (Gardner, 1953). 

While the Biskind phenomenon can be observed in rats and in mice, radiation 
has so far produced ovarian tumours in mice only. 

In ectopic as well as in irradiated ovaries the ova disappear and follicle formation 
is initially inhibited. This is followed by mvaginative tubular downgrowth of 
germinal epithelium which gives rise to the tumours. Irradiated mice given large 
doses of oestrogens form anovular follicles instead of the tubular downgrowths and 
thus do not produce tumours (Gardner, 1955). 

The ovarian tumours produce oestrogenic hormones and while in the ectopic 
ovaries these too reach the liver and are there metabolized, they reach the circula- 
tion from the irradiated ovarian tumours in situ and should thus damp down the 
pituitary output of gonadotrophins and thereby restrain tumour growth. This in 
fact does not happen and suggests that the pituitary does not respond to the 
hormones produced by the tumours. Alternately the tumours may be able to 
grow without further pituitary stimulation. This phenomenon as well as the 
necessity to irradiate the ovaries directly suggests that the mechanism by which 
ovarian tumours are produced by irradiation is different from the Biskind pheno- 
menon. 
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a mcfasrasjzjng renal carcinoma in a rat surviving for 10 months (Orcchcr, Cronkjic 
and Peers, 1953). Tiie morphology of ihc tumour tissue was epithelial in type and 
difiercnt from spontaneous renal turnouts occurring in rats. Koleisky and Gustaf- 
son (1955) reported 8 cIcar-ceU tumours of the kidney in 123 rats surviving for 
more than 6 months after a whole-body exposure to 660r of x-rays. 

Liver tumours 

Hepatomas arc found in old mice in a frequency varying with the strain. They 
occur more often tn males than In females and their incidence is reduced by castra- 
tion and also by oestrogen treatment, while treatment of females with testosterone 
propionate docs not affect the rate of hepatomas (Gardner, 1953). These tumours 
are invariably benign and arc found ineidcnlally at post mortems, 

Deringcr, Lorenz and Uphoff (1955) reported that in female LAFj mice x-ray 
doses of up to 400r to the whole body or to the ovaries only did not increase the 
incidence of hepatomas above the value of 1 1 per cent found in the control mice. 
Lorenz and his colleagues (1951) found only a slight increase above the control 
value of 8 per cent tn female C3Hb mice given chronic whole-body irradiation 
at 8-8r per day. 

fntesiinal tumours 

In their rats protected against immediate Irradiation effects by chemicals or 
parabiosis Brechcr, Cronkite and Peers (1953) found 1 adenocarcinoma each of 
the duodenum, jejunum, ileum and colon using doses of from 700r to l.OOOr. 
The duodenal and ileal tumour mclastasacd. 

Tumours of the cerebrospinal system 

In rats protected by parabiosis or chemical methods and exposed to single whole- 
body doses of radiation 1 glioma was reported by Drecher, Cronkite* and Peers 
(1953) and I meningioma by Finerty and his colleagues (1953), 

Endocrine gland tumours 

Most of the work on tumour induction in the pituitary and thyroid glands has 
been done with radioactive isotopes and is reviewed later. 

Adrenal 

Medullary tumours m old mice following castration by irradiation or by gona- 
dectomy have been described by Smith and his colleagues (1949). These tumours 
are considered secondary to the effects of castration. Kolctsky and Gustafson 
(1955) reported 4 adrenal tumours in 123 rats surviving for 6 or more months 
whole-body irradiation. Deringcr, Lorenz and Uphoff (1955) reported 3 adrenal 
tumours m mice exposed to whole-body radiation, and 1 in mice whose ovaries 
had been irradiated. 

Thyrnui 

Kolctsky and Gustafson (1955) reported 2 adenocarcinomas and 16 benign 
adenomas of the thyroid in 123 irradiated rats as compared with 3 benign adenomas 
in 36 controls. 


(230) 



EXPERIMENTAL INDUCTION OF CANCER BY RADIATION 


523 


experiments of Lorenz and his colleagues (1955), exposure of LAF^ mice to O’l Ir 
of 7 -rayb daily produced 8 breast tumours of which 1 only was associated with an 
ovarian tumour. This suggests that in mice other factors than stimulation by 
ovarian hormones may be implicated in the production of breast tumours by 
radiation, and the same conclusion, applies to rats in which breast tumours are 
not usually found in association with ovarian tumours. 

In rats fibroadenoma is the most frequent tumour of the breast, and the 
incidence is increased by oestrogen treatment (Furth and Lorenz, 1954) and by 
whole-body irradiation (Brecher, Cronkite and Peers, 1953). Malignant breast 
tumours following single doses of whole-body radiation have been reported by 
Brecher, Cronkite and Peers (1953) and by Finerty and his colleagues (1953) using 
doses in the lethal range on protected animals. An increase in the incidence of 
benign mammary tumours in rats exposed for two years to chronic y-radiation 
ofOTr-lOr per day was reported by Metcalf and Inda (quoted by Furth and Lorenz. 
1954) 

Lorenz (1950) reported an increased incidence of breast tumours in male as 
compared with female guinea-pigs exposed to chronic y*ray irradiation, but did 
not mention the dose rate and duration of exposure. 

Uterine tumours 

Uterine tumours occur infrequently in rats and mice. In some stocks of rabbits 
uterine tumours are not infrequent in old animals. Lorenz (1950) found uterine 
tumours in 2 of 6 control rabbits while 1 1 of 12 rabbits exposed to daily doses of 
l*l-8’8r of y-rays from radium had uterine tumours. These occurred earlier 
than in the controls and the latent period in tumour formation decreased from 
about 52 months to 36 months with increasing dose rates. Furthermore in 7 of 
the irradiated rabbits the tumours metastasized while the tumours in the non* 
irradiated 'controls remained localized. The greater tendency to metastasis is 
attributed by Lorenz (1950), Kaplan and Murphy (1949) and others to the lowering 
of the immune responses of the animal by whole-body exposure. 

In rats Brecher, Cronkite and Peers (1953) found a sarcoma of the uterus in oqe 
of their rats given l.OOOr of x-rays in a single dose and protected against the 
immediate radiation effects by parabiosis. 

In LAFj mice exposed to whole-body radiation Denngcr. Lorenz and Uphoff 
(1955) found 7 tumours of the uterus in 72 animals given doses of from 12‘5r to 
400r. A sarcoma of the uterus was found m a female given only I2'5r and 2 
adenocarcinomas were observed after doses of lOOr and 300r respectively. There 
was also a sarcoma in a mouse irradiated with 400r to the ovaries only. These 
lumours occurred in animals given doses which produced ovarian tumours, with 
the exception of the mouse given only J2 5r. Whether this increased incidence of 
malignant uterine tumours — fibromyomas only were observed in 1 control mouse 
out of 65 — is due to the presence of the ovarian lumours remains to be investigated. 
Uterine tumours have been produced, although infrequently, by oestrogen treat- 
ment of mice (Gardner, 1953). 

Kidney fumourj 

Whole-body irradiation with a single dose of 700r of x-rays to a rat protected 
by para-aminopropiophcnonc may have been responsible for ihe development of 
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of radiation is illustrated in the work of Passonneau and Hamilton (1951). Uniform 
irradiation of a given field is more cflicient in tumour production than concentra* 
non of the same amount of radioactivity into a number of smaller sources. The 
necrotizing action of radiation from a few highly active beads may account for 
the reduction in the incidence of tumours. 

In the work of Glucksmann and Boag with electron-beams it was found that a 
dose of 4,600 rad given in two fractions two months apart produced about as 
many tumours as a single dose of 12,000 rad. 

Contbinatian of radiation and chemical carcinogens 

The interaction of irradiation and chemical carcinogens was first investigated 
by Mollram (1938) After 20 applications of 05 per cent benzpyrene to the back 
of mice over ten weeks, irradiation with doses 800'2,800r was followed by the 
appearance of warts and carcinomas, while a dose of &,000r suppressed cancer 
tormalion. Shubik and his colleagues (1953) exposed mice to a single dose of 800 
rep of /J-rays and followed this treatment with croton oil painting twice weekly. 
After an average latent period of 3.5 months 13 tumours appeared in 6 of 17 mice 
exposed to risk These tumours at the lime of reporting had neither regressed nor 
become malignant. 

Cloudman and his colleagues (1955) studied the effect of a single application of 
0.6 per cent mcthylcholanlhrcne in benzene, alone and after exposure to a single 
dose of ^-rays (Table XI) The combined application resulted m a significant 
increase in the number of tumours. 

Data of Glucksmann and Boag (unpublished) are also shown in Table XI, 
they found an enhancing clfccl for a combination of electron-beam exposure 
and painting with a weak carcino^n. However, exposure to an. electron-beam 15 
months before a weekly application of a strong carcinogen (9 : 10 dimethyl I ' 2 
benzanthracene) was found to decrease the incidence of tumours below that 
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Pituitary 

Though changes in the pituitary secondary to castration by irradiation have 
been described, pituitary tumours following whole-body irradiation are not 
recorded. The pituitary tumours following administration of isotopes are discussed 
later. 


CARCINOGENIC EFFECT OF LOCALIZED IRRADIATION 

Introduction 

Most of the early experimental work on radiation carcinogenesis was done with 
localized radiation, mainly by the implantation of radium sources in various forms. 
This work, reviewed by various authors (Lacassagne, 1929, Furth and Lorenz, 
1954) showed the carciijogenic effect of localized irradiation and, particularly in 
the studies of Ross (1936), demonstrated that the same radiation exposure would 
produce different types of tumour according to the tissue into which the source 
was implanted. Using radium tubes implanted into rabbits Ross obtained an 
osteogenic sarcoma from a tube in periosteal tissue, spindle-cell sarcomas in 
connective tissue, a myxo-sarcoma in subcutaneous tissue and squamous-cell 
carcinomas from tubes in the dermis. 

From most of these experiments, however, little information can be gained 
concerning the levels of radiation dosage, except that they were sufficiently high 
to cause a severe degree of local tissue damage. 

This earlier work has been reviewed by others and the more recent studies are 
considered here These comprise the carcinogenic effects of local irradiation on 
skm with a comparison of the histological processes in radiation and chemical 
carcinogenesis, the carcinogenic effects of the bone-seeking radioactive isotopes, 
pituitary and thyroid tumours arising after thyroid irradiation by^®*I. and tumours 
following administration of Thorotrast. 

Skin tumours — tumour incidence 

The first experimental proof of the carcinogenic action of penetrating radiations 
was based on partial body exposures of the skin of experimental ammals and 
consisted in showing ulcerative and later malignant changes present only in the 
irradiated region. Lacassagne (1945a) pointed out that studies with x-rays or 
y-rays of deep penetration proved very difficult in small animals as it was almost 
impossible to avoid giving doses to particularly sensitive organs such as the intestine, 
causing the death of the animal before tumours can develop. The use of 
electron-beams and of /?-rays on small ammals has overcome this difficulty. 

Partial body irradiation with electron-beams (Glucksmann and Boag, 1951, 
1954), and with yS-rays (Cloudman and his colleagues, 1955, Passonneau and 
Hamilton, 1951) has produced carcinomas and sarcomas in mice and rats. This 
work IS summarized in Table X. 

The latent period of tumour formation in the studies listed in Table X varied 
from 10 months to 23 months and longer. 

Field size is of great importance and this probably explains the diflerence in 
tumour incidence shown in Table X as compared with that in Table VII which 
refers to whole surface expbsure. The role of field size and uniform distribution 
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lo act by producing conditions in which the repair tissue undergoes a malignant 
change. 

Carcinogenic effects of bone-seeking radioactive isotopes 
Tumour incidem e 

One particular aspect of experimentai work on partial body radiation deals 
with the effects of the bone-seeking radioactive isotopes. The' carcinogenic effect 
of ingested radium was demonstrated in the dial painters. Since other bone- 
seeking radioactive materials arc formed in nuclear energy processes it has become 
a mailer of the greatest importance to determine the extent lo svhich these new 
matenals also have carcinogenic properties, and to learn as much as possible 
about the process of bone tumour production with these materials. For this 
reason animal experiments have been carried out with a number of the bone- 
seeking materials, the main /?-cmiiicrs studied being “*P, **Sr, “‘’Sr and 
(Koletsky, Bonie and Fricdell, 1950, Moller, 1954, Finkcl, Usco and Brucs, 1955), 
while most of the work with c-cmittcrs has been carried out with and 
(Dunlap and his colleagues, 1944, Finkel, 1953), 

Distribution within bone 

The metabohsm of the bone-seekers has been shown by autoradiography of the 
bone to follow, one of two main patterns (Hamilton, 1948) The elements 
strontium and radium arc like phosphorus and calcium found in the mincrahzed 
part of bone. The other class of elements, including plutonium, thorium, neptu- 
nium, cerium, americium and curium, do not take part in the mineralization 
process but remain localized in the organic material surrounding the bony shaft 
and the trabeculae. Within this second class certain differences have been observed 
(Hamilton, 1948). Cerium, americium and curium are localized not only on the 
bone surface but are also irregularly distributed within the shaft of the bone, 
presumably on the linings of the blood vessels. The autoradiographic studies of 
Vaughan (personal communication) have shown lha't yttrium, which was originally 
considered to have the same piattern of distribution in bont as plutonium, 
appears to be mainly concentrated at resorption sites. 

The radiation dose and dosage rate in bone will clearly depend on the pattern 
of distribution of the isotope in the bone, and on its retention within the bone, 
which in turn depends on the specific chemical Form, the route of administration 
and species, age and other factors influencing bone metabolism. The quantitative 
daia on carcinogenesis is considered in relation to individual isotopes. 

Strontium . — Radioactive strontium (either as *®Sr or ®'^Sr in equilibrium with 
has been used most frequently for cardnogenic studies since, for a given 
carcinogenic effect, it produces less general radiation effects than, for instance, 
plutonium or phosphorus. This ts due to its high retention in bone (greater than 
70 per cent) and low uptake in soft tissues. 

Finkcl, llisco and Brues (1955), summarized experiments wilh ®”Sr on a total 
of 3,083 mice and reported a total of 427 malignant tumours in 191 mice. The 
majority of the tumours (92 per cent) were osteogenic sarcomas. 

CF 1 female mice and ABC male and female mice were used in these experiments 
There were strain and sex differences in the incidence and location of the tumours. 
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TABLE XI 






No of tumours 


Species 

Doh- 
in rail* 

Carcinogen 

at 

risk 

Car- 

cinoma 

Sar- 

coma 

References 

Mouse 

4,600 

None 

45 

3 

2 

Cloudman and hiscollcucucs 
(1955) 


None 

1 ^ MCAt 

30 

5 

0 



4,600 

1 V MCA 

29 


3 

Glucksmann and Boag (un- 
published) 

Rat 

2,300 

None 

20 

0 

0 


None 

DQAt weekly 

19 

0 

0 



2,300 

DBA weekly 

26 

0 

3 



2,300 

DMBA^ weekly 

15 

3 

6 



None 

DMBA weekly 

48 

43 

16 



• Where necnsary eonverted from doie *>»eft in rep 
t MCA •■0 6 per cent soIuiKtn of melhychoUnihrene m bentene. 
t DBA ^ I per cent tolution of t 2 3 6 dibenranthracene in acetone 
S DMBA 9- I per cent solution of 9 lOdimcihyl I 2 tienranthracene in acetone 

obtained with the carcinogen alone, and to alter the proportion of sarcomas to 
carcinomas. 

If the histogenesis of cancers produced by the painting of chemical carcinogens 
such as benzpyrene (Glucksmann, 1945) or dimethylbcnzanthracene is compared 
with that due to the external irradiation with electron-beams the following points 
of difference emerge: 

(1) Potent chemical carcinogens produce skin cancers in almost all rnice in 3>5 months 
while radiation induced lO-JJ per cent skin cancers in about 15-20 months. In rats 
painting with carcinogens is followed by the appearance of cancers m 98 per cent of treated 
animals after a median latent period of about 10 months, irradiation produced malignant 
tumours in 50 per cent of rats afier a median latent period of 23 months. 

(2) Sarcomas and carcinomas appear m different proportions in chemical and radiation- 
induced lesions In mice pracucatly ail tumours are carcinomas after painting, while only 
36 per cent of tumours induced by p-rays are carcinomas, the majority being sarcomas For 
rats the comparable figures arc 73 per cent for carcinomas following painting and 14 per 
cent following exposure to electron-beams In the combined treatment with radiation and 
chemicals the percentage of carcinomas m mice increased to 78 per cent and in rats to 25 per 
cent. 

(3) With chemical carcinogens the primary effects arc growth-stimulating on both epi- 
dermis and hair follicles, and this effect presumably accounts for the greater efficiency and 
shorterlatcnt period in tumourdevelopment. and also forthegreater proportion of carcinomas, 
a number of which originate in the hair follicles The transient epilation is due to growth- 
stimulation of the epithelial hair sheath With irradiation the primary effects are injurious, 
leading to the shedding of the epidermis and to the destruction of hair follicles, followed 
by the appearance of inflammatory cells and fibroblasts in the dermal scar. Malignancy 
supervenes late m the process of regeneration after the repeated breakdown of the scars, 
which accounts for the long latent period The absence of the hair follicles and the atrophy 
of the epidermis on the one hand, and the appearance of numerous connective tissue cells 
on the other hand account for the increased proportion of sarcomas and the decrease of 
carcinomas 

In summary, the chemical carcinogens are more effective and quicker in the 
production of skin cancers than irradiation because they stimulate directly the 
treated cells and their offspring, while irradiation is primarily injurious and appears 
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injccicd dose, corresponding to about 20 //c per gramme, which In a uniform 
medium would yield a dosage rate of over l,OOOr per day. The concentration of 
activity in this volume of tissue will reduce with time, but a very large radiation 
dose must have been received by the tissue before the tumour was observed. 

Fhosphow.-^Koklsky RTt^ bhcoJJeagoes {J950) reported experiments with ®*P 
on rats, using smgle doses of 4.$ /ic per gramme and rcpcatMi doses of 1.5 /icf 
gramme up to a total of 9 or 12 /rc/gramme. Malignant tumours appeared in 9 out 
of 19 rats surviving the single dose, and in 4 out of 15 rats receiving the repeated 
injections. All were osteogenic sarcomas with the exception of 3 squamous-cell 
carcinomas of the face. 

Fn a later paper Kolclsky (1954) reported a further study with lower doses of 
giving single doses of 0.25-3.5 pc per gramme, to Wistar rats. Apart from 
one rat with lymphosarcoma the 43 animats receiving 0.25 or 0.5 /<c per gramme, 
and surviving 8 months did not develop tumours. With doses from 1,0 to 3.5 pc 
per gramme tumours appeared in 22 to 50 per cent of the animals.^ The authors 
slated that the latent period up to the time of dclccliort of the neoplasm appeared' 
to be lengthened when the dose of was lowered, being 19, 14 and 10.5 months 
respectively for animals given 1. 2 and 3 pc per gramme of **P. As in the earlier 
study, the majority of tumours were osteogenic sarcomas together tvith some cases 
of squamous-cell carcinoma of the face. The exact origin of this type of tumour 
was not determined, but it probably arose close to bone in the epithelium lining 
the accessory nasal sinuses, nasopharynx, and roof of the mouth. 

The data are not available to make an estimate with any precision of the dose 
received by the bone. However, ia view of the known concentration of adminis- 
tered m bone, it is likely that an injected dose of 1 pc per gramme would 
give an initial radiation dose to the bones greater than lOOr per day. 

A study of the carcinogenic action of **P on mice is reported by MoHer (1954), 
using much smaller doses of **P. Two groups of mice were used, one group given 
a Single injection of about 0.2 pc per gramme and the other group given eight 
injections of about 0.2 pc per gramme at six-weekly intervals. 385 injected mice 
and 203 control mice were used. The incidence of leukaemia and of subcutaneous 
tumours was not appreciably different in the two groups, but in the irradiated 
group 3 bone tumours were observed, while none were found in the controls and. 
in fact, have never been reported in this strain (ST/Eh). 

The bone tumours appeared as follows: 

Spine 15 months afier injection Single dose 

jaw 27 month* after injection Single dose. 

Jaw 21 month* after first injeciion Repealed dose 

Data are not available for determining with any precision the value of the dose 
received by the mouse bones from an injection of 0.2 pc per gramme of P®* but 
the total dose received by certain parts of the bone may be as high as several 
hundred roentgens 

Phtonium and related e/emcnw.-— The most efficient carcinogen amongst the 
radioactive bone seekers is Quantitative data is given by Finfcef (1953). A 

dose of 1 pc per kilogram of ***Pu led to the appearance of bone tumours in over 
40 per cent of CF 1 female mice surviving the latent period of 180 days. The 
corresponding value for control tntce was about 3 per cent. 
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the CF I female mice showed more tumours (54 per cent) than the ABC females 
(28 per cent), and the ABC females more than'the ABC males (18 per cent). 

The location of the bone tumours was as follows: 

Site Percentage 


Long bones — femur and tibia . 

.. 57-6 

humerus . . 

.. 4 0 

Spine 

.. 25 7 

Skull 

.. 7 5 

Other bones 

.. 5 0 


In these experiments various dosages of stifle and repeated, were used. 
Tumours were not found before I8D days. For a single intraperitoneal injection 
the rate of tumour production increased up to 2,5 /ic per gramme, and then 
apparently decreased. With monthly repeated doses the tumour incidence increased 
up to 1.0 /re per gramme, the highest monthly dose given. Repeated doses of 
0.5-1.0 /re pec gramme per month were more efficient, while repealed doses of O.I 
and 0.2 fic per gramme per month were less efficient than the same total dose 
given in a single injection, implying that recovery factors are operative with the 
lower levels of dosage. 

The authors concluded that a single dose of 0.2 /re per gramme and monthly 
repeated doses of O.I /re per gramme undoubtedly induce bone tumours, but that 
with lower doses the evidence for increased tumour incidence is merely suggestive. 
Doses of ®’Sr between 0.001 and 0.005 /re per gramme do not appear to have an 
effect on the incidence of bone tumours in mice. 

It is of interest to make a rough estimate of the dose to bone in this experiment. 
Following 8 dose of of 0.2 /re per gramme body-weight, the activity concentra- 
tion in the bony part of the skeleton will be 1.4 /re per gramme, assuming that 
70 per cent of the strontium Is taken up by the skeleton, and that the skeleton 
represents one-tenth of the total body-weight. A concentration of 1.4 //c per 
gramme of ®*Sr would yield a dose rate of about 50r per day in a medium of 
linear dimensions greater than the range of the strontium electrons. The fact that 
the thickness of mouse bones is small compared with the mean range of the 
strontium electrons will reduce the mean dose to bone below the value given 
above, but on the other hand there will be local conceniration of strontium in 
growing parts of the bone which will lead to an increase in dose rate. Certainly, 
■with the latent periods observed in these experiments, parts of the bone may well 
have received doses of thousands of roentgens prior to the appearance of the 
tumours. 

Owen. Jowscy and Vaughan (1955) hax-e carried out detailed studies of the 
uptake and localization of radioactive strontium (’•^r) in the bones of the rabbit. 
In a series of experiments (1955), bone changes were studied in eight young 
rabbits given single doses of 0.5 to l.I /re per gramme and surviving 180 days 
or more Three animals showed bone tumours, two in the skull and one in 
the left iibia (animal died at 180 days). The tumour m the tibia developed calcified 
cartilage containing ®°Sr. which apparently was the remnant of the epiphyseal 
plate at the lime of injection Previous distnbution studies had shown that the 
concentration or®°Sr in the epiphyseal plate ofthc tibia in rabbits oftfie appropriate 
age is very much greater than in most other parts ofthc bone. At 24 hours after 
injection the uptake in the epiphyseal plate is 4.4 per cent per gramme of the 
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either to insufficient concentration of thyroid hormone or to a diminished respon- 
siveness of the dependent lumourcellsCFurth, 1954). AFter several transplantations 
into conditioned hosts the tumours lend to become independent (autonomous) 
and grow m normal animals, where their growth can actually be stimulated by 
thyroid hormone (Furth, 1953). 

Thyroid gland remnants left after incomplete surgical or thyroidectomy in 
mice tend to undergo an adenomatous hyperplasia (Dent, Gadsden and Furth, 
1955). 

The thyroid tumours produced experimentally in rats by treatment also 
tend to start as dependent neoplasms which grow only in conditioned hosts and to 
acquire autonomy after several transplantations (Morris, 1955). 

The pituitary tumours in mice treated with *®*I are thus due to indirect radiation 
elTccts through the destruction of the thyroid while the thyroid tumours in rats 
may be due to a more direct action on the thyroid epithelium possibly combined 
with stimulation by thyrotropic hormones. 

Tumours foUoycing Thoroirast administration 

A special type of non-uniform irradiation is provided by Thorotrast, a colloidal 
solution of thorium dioxide which has been used as a radiographic contrast agent. 
Chntrally it has been found sometimes to have serious late effects, including a 
small number of -reported cas'es of malignancy. Its carcinogenic properties have 
been investigated experimentally by a number of workers, using various routes of 
administration — ^subcutaneous, intraperiloneal and intravenous. The experimental 
work, together with the clinical findings on malignancy, have been reviewed by 
Guimaraes. Lamerton and Christensen (1955). Following subcutaneous and 
inlraperitoneal injection the most common type of tumour is a spindle-cell 
sarcoma. Work on rabbits and mice using intravenous injection (Johansen, 1955, 
Guimaraes, Lamerton and Christensen, 1955) has demonstrated the production 
of a number of reticulo-endoiheliomas in the liver and spleen, and also of haeman- 
gjoendothcliomas in the spleen. 

Thorium itself has a very long half-life and emits a-particles. Its disintegration 
products emit both a- and ^-particles. By whatever route Thorotrast is admin- 
istered there will be a certain degree of aggregation of the particles in the body, 
so that the tissues will receue chronic a-irradiation (together with some ^-irradia- 
tion), but, in general, with a non-uniform dosage distribution throughout the 
tissue, depending on the distribution and size of the aggregates. Only In a few’ 
cases has any estimation been made of the radiation dosage delivered in experiments 
where malignancies resulted. These estimates have been based on the autoraffio- 
graphic studies made by RotbJat and Ward (1953) using human tissues containing 
known concentrations of Thorotrast. Johansen (1955) estimated that the mean 
a-dosc in the livers and spleens of his rabbits, a number of which developed 
tumours, mainly rciiculo-endothcliomas (reported to be of multifocal origin in the 
liver, spleen and lung) from 2 to 4 years after injection, was greater than 1*3 rep 
per day, so that in the time before Ihc observation of tumours a mean dose of 
greater than 1.000 rep would have been accumulated. Local dosage is possibly 
much higher than this in view of Ihc non-uniformity of distribution, and also the 
high relatise biological efficiency of a-panlclcs as opposed to .x-rays or /9-particles 
will increase the cfrecthc dose. 


r 
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Since plutonium localizes only on the surface of bones and the a-radiation 
emitted has a limited range (about 30 microns) the volume in which the absorption 
of radiation energy occurs is limited, and thus the radiation dose levels may be 
high. 

General consideraiion of carcinogenic action of bone-seekers 
Emphasis has been placed on the radiation dose received by bone tissue from 
amounts of isotopes which have a carcinogenic effect. It was seen that this dose 
may be large, of a magrutude sufficient to cause considerable tissue damage. 

Bone size as well as metabolic activity can affect the level of the radiation dose 
in localized regions, and these factors must be considered in any study of the 
influence of strain, sex and species or the incidence and distribution of bone 
tumours following ingestion or injection of bone-seeking radioactive materials. 

Pituitary and thyroid tumours produced by radioactive iodine 

Spontaneous thyroid tumours occur rarely in rats and mice (Morris, 1955) but 
can be induced by goitrogens and by chemical carcinogens. Administration of 
large doses of may also be followed by the appearance of thyroid tumours in 
rats and of pituitary tumours in mice. 

Goldberg and Chaikoff (1952) observed 8 malignant and 10 benign thyroid 
tumours in 9 of 25 rats li-2 years after an injection of 400 /tc of As the 
remaining thyroid gland epithelium did not indicate unduly high levels of thyro- 
tropic hormone secretion, a direct effect of the radiation on thyroid tissue was 
presumed to be responsible for the development of the thyroid neoplasms. 

Doniach (1953) investigated the effect of combining methylthiouracil with ^*‘1 
treatment. Tn a group of 20 rats given methylthiouracil and a dose of 30 /tc 
he obtained thyroid carcinomas m 5 rats and thyroid adenomas in all the rats. 
None of the rats given methylthiouracil alone produced tumours. The relatively 
low radiation dosage was found to interfere with thyroid function, to lower the 
concentration of thyroid hormone and thus to stimulate the secretion of thyro- 
tropic hormone. The subsequent stimulation of the thyroid epiihehum appeared 
to create conditions favourable for tumour production by the goitrogen. 

In mice dosages of 40-50 /<c per gramme of '**1 failed to induce thyroid tumours 
but led to the appearance of pituitary tumours (Gorbman, 1949). Furth and 
Burnett (1951) reported that all C57 black mice surviving for 13 months or more 
after an injection of 200-400 pc of ^**1 developed pituitary tumours. The doses 
were sufficient to destroy most or all of the thyroid tissue, and the more complete 
the thyroidectomy by the shorter was the latent period and the more rapid 
the growth of the pituitary tumours. Later Furth (1954) and Dent and his col- 
leagues (1955) reported that complete, or almost complete, surgical thyroidectomy 
also produced pituitary tumours in mice, as did treatment with propylthiouracil 
(Moore and his colleagues, 1953). Induction of these tumours can be prevented 
by treatment with thyroid hormone (Furth. 1954). 

Pituitary tumours can at first be transplanted only to thyroidcctomized mice in 
which thyroidectomy has been achieved by surgery or by “'1 (Dent. Gadsden 
and Furth, 1955). On treatment wuh thyroid hormone these dependent (condi- 
tional) neoplasms can be restrained, but not made to regress, which may be due 
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Experimental nwk 

The imporiana' of species and sex vurialion is evident in all Ihc cxperimenlal 
work done. The types of lumour produced and their rale of appearance, for the 
same radiatjon conditions, arc found to differ greatly between dilTcrcnt species and 
also. In some eases, between difTcrent strains of Ihc same species. This demon* 
siA/ics Ihc importance of systemic factors in radiation carcinogenesis and at the 
same time makes it scry difiicuU to use anlmaf results for the estimation ofcarcino* 
genie risk in man 

The levels of radiation dose required for carcinogenesis in experimental work 
arc found to vary over a wide range, depending on the relative importance of the 
clfccts of local tissue damage, of predisposing tissue factors and of systemic 
cITccts. Where local tissue cffccls arc (he main factor, as in the ease of tumours 
following localized irradiation of skin and bone the doses required are of the order 
of one lo several thousand roentgens. This applies whether the exposure is from 
an external source or is the result of cnternally deposited radioactive materialf. 
If there arc predisposing tissue conditions, produced for instance by the presence 
of inflammatory agents the dose required may be reduced lo a few hundred 
roentgens. 

In those cases where hormonal inHuences play a large part the dose will 
depend on the radiosensitivity of the glands involved and their relation to other 
cndocrincs. Ovarian tumours in mice can be produced by doses of radiation as 
low as 50r, if both ovaries arc exposed, though radiation-induced ovarian tumours 
have not been reported in any other species. On the other hand, to produce 
pituitary tumours in mice by injection, the necessary dose lo the thyroid is of 
the order of tens of thousands of roentgens. 

One of the most interesting questions that arises in connexion with systemic 
ciTects and the radiation dose necessary for carcinogenesis is the relative efleclive* 
ness of localized and whole-body irradiation In producing various types of tumours. 

In the ease of lymphatic leukaemia m certain strains of mice it has been found 
(hat the incidence after irradiation Is greatly decreased by Ihe shielding of a small 
part of (he thigh. It is not known whether there arc other types of tumours for 
which a similar effect may be found. Several types of tumour have been reported 
by various workers using single doses of whole-body irradiation with doses of less 
than 1,000 roentgens, and it will be of interest to determine whether or not a 
considerably higher dose is needed for carcinogenesis when a localized irradiation 
IS given. 

E^cii of ihre am} dosage rate 

With regard to the questions concerning the influence on tumour incidence of 
dose, dosage rate, fractionation and protraction, only a few very general observa- 
tions can be made on the basis of the experimental data. 

None of the animal experiments have indicated a linear relationship between 
tumour incidence and dose, fn the special ease of tumours which are to a very 
large extent dependent on hormonal disturbance, such as ovarian or pituitary 
tumours in mice, there is good evidence for the presence of an absolute threshold, 
corresponding to the dose required to produce the necessary degree of hormonal 
disturbance, which will vary greatly with the type of tumour. It is not possible to 
make any statement about the existence of a threshold in other cases, but it can 
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ri is possible, however, that the Thorotrast tumours do not represent a simple 
case of radiation carcinogenesis, as the effects of the aggregates may also play 
a part. This was the conclusion of Selbie (1938) who obtained tumours in a 
high proportion of rats and mice following subcutaneous injection of Thorotrast 
(for groups of 60 rats and 60 mice surviving 52 weeks, 58 per cent of the rats and 
26 per cent of the mice showed tumours). He observed fibroblastic proliferation 
in many of the tumour rats, which suggested that tumours are formed in those 
animals which give a vigorous inflammatory reaction to the presence of Thorotrast. 
The action of inflammatory processes in increasing the carcinogenic action of 
localized radiation has already been mentioned and will be discussed in more 
detail. 

In the present state of knowledge it is difTicult to draw conclusions concerning 
the mechanism of carcinogenesis by Thorotrast. The particular need is for a study 
of the extent to which 'the physical presence of the Thorotrast aggregates affects 
the tissues. 


DISCUSSION 

Human experience 

In spite of the large amount of data reported on radiation-induced cancer in 
man and in animals the mechanism of radiation carcinogenesis and the magnitude 
of the risk to man from a given type of radiation exposure js still unknown. 

The human data provides little material on which to formulate theories. Not 
only is the data on the populations at risk either scanty or non-existent, but in 
most cases knowledge of the radiation dose and dosage distribution is very inade- 
quate. In certain of the groups of suspected radiation-induced cancer in man. such 
as the lung cancer of the uranium miners at Schneeberg and Joachimsthal, other 
factors are present which may themselves lead to cancer production or profoundly 
modify the carcinogenic effect of radiation. The main finding from the human 
experience with localized radiation is that the radiation doses required for carcino- 
genesis arc of a magnitude that produce severe tissue damage. Experience with 
skin and bone tumours indicates that a severe degree of tissue damage precedes 
the appearance of radiation-induced cancer. This, together with the observation 
that certain infiammatory processes increase the susceptibility of tissue to malig- 
nancy following radiation exposure suggests that the important parameter to 
consider is not the dose of radiation gisen, but the degree and type of general 
tissue damage produced, which initiates the repair processes. 

The development of cancer is. however, by no means the invariable result of 
severe tissue damage produced by radiation. On the contrary, radiolhcrapeulic 
experience Suggests that it is a rare sequel. For instance, osteosarcoma of the rib 
following breast irradiation has been reported only twice in spile of the popularity 
of this technique. 

The induction of malignancy in the thyroid follow'ing thymic irradiation in 
infanc)- and of osteosarcoma after radium ingestion and administration need 
special considcnition In the case of the thyroid tumours hormonal influences 
ma> play a pari. For the hone tumours it has been shown that the radium is 
concentrated in small areas of bone, so that the local radiation dose to vulnerable 
structures is high. Also the radiation emitted includes a-pariicles. which arc much 
more cfrcciive than x- or y-radliiion in producing most types of tissue damage. 
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More work must be done before it will be possible to discuss with any confidence 
tlie mechanisms of radiation carcinogenesis. 'If one line of investigation more than 
another appears to be fruitful at the present time it is the careful study of the 
changes occurring between radiation exposure and the appearance of the tumour. 
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be said that the incidence of tumours is much grcatcrabove a certain dosage /cvcl 
(which depends on experimental conditions) and which in many cases, such as for 
skin and bone, corresponds to the production of a severe and lasting degree of 
tissue damage. 

In the ease of local irradiation the rale of tumour incidence does not necessarily 
increase indefinitely with dose. Several experiments, for instance the work on 
"’Sr in mice, ha^e shown a decrease in tumour incidence above a certain dosage 
level, presumably because the processes of regeneration have been interfered with 
too seriously. 

Concerning the effect of dosage rate, protraction and fractionation the animal 
data at present available can give an answer only in one or two special cases. Even 
when the comparaiiv'c data arc available a quantitative comparison is frequently 
difficult to make, because account must be taken of a number of factors, including 
latent period and also “wasted** radiation. For skin tumours in rats produced 
by wholc'body /7-irradiaiion. single doses arc considerably more cfTcctive in terms 
of the same total dose than chronic irradiation. The work of Lorenz, using chronic 
radiation at various dosage rates (0*n-8*8r per day) shows that, in gcttcra!. the 
higher dosage rates are the more effective, though there is a suggestion of an optimal 
dose rate in certain eases, such as for breast tumours in mice. An optimum 
fractionation and spacing has been reported for the induction of lymphoma in 
mice after uholc'body irradiation, and for the induction of skin tumours ssiili 
localized irradiation. 

Meehantsms of radhthn earchogencsis 

The evidence at present available suggests that radiationrinduced cancer arises 
from a tissue environment that has suITcrcd severe disorganization, either as the 
result of Ioc.ll radiation damage, of hormonal disturbance, or of other physio* 
logical ch.’ingc arising from radiation exposure, ft seems likely that a certain 
degree of disorganization in the tissue environment is essential for the appearance 
of r.idialion*induccd cancer. It is not an unreasonable assumption that cancer 
develops as a result of the processes of repair, or attempted repair, consequent on 
the tissue disturbance; there is in some eases strong histological evidence for this. 

Tlie question arises whether the development of cancer demands a specific i>pc 
of cellular change produced by the irradiation, as viell as disturbance of the 
environment. The experiments on tumour induction m the thymus indicate that 
direct irradiation of the thymus is not essential. On the other hand, ovarian 
tumours in mice do not arise following irradiation unless both ovaries in the 
normal animal liavc been irradiated, but in this cave the process is very complicated 
by hormonal divlurb-inees 

There IV hiviological evidence suggesting that malignancy has in certain c,i;vcs 
developed In repair tissue outside the radiation field, but it is obviously not possible 
to prove th.vt any given cell or iiv prcdecrvson have not been irradiated If the 
cancer develops from a piven cell In which radution hav produced a p.iri»cul.ir 
change then, in view of the long latent period that can elapse beiwecn irradiation 
and the appc.if.incc of the tumour, ii is likely that the change produced b) radiation 
It <’nl) one of a series of changes which will cvcntuallv resuh in a malignant cell 
Such a ‘•muhisiage? theory hav been applied to «p«intaneou* av well as radiation* 
ipducnl cancer b) .1 number of worker*. 
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STUDIES OF PLASMA VOLUME, RED CELL VOLUME AND 
TOTAL BLOOD VOLUME IN YOUNG GROWING RATS 

By E. H. belcher and EILEEN B. HARRISS 
From the Physics Department, Institute of Cancer Research, London 

{Httceived 7 May 1957) 

Previous determinations of blood volume in the rat, with the exception of a 
few early studies in which attempts were made to estimate red cell volume by 
complete exsangulnation, have been based on dilution analysis following the 
injection of aubatances labelling either the plasma or the red cells. However, 
the estimation of total blood volume from measurements either of plasma 
volume or red cell volume together with baematocrit determinations on 
samples of peripheral blood takes no account of inequalities in the distribution 
of cells and plasma in different parts of the circulation, and may be grossly 
misleading. The discrepancies in early determinations may be judged from 
Table 1 which surveys values report^ up to the present time. Total blood 
volume can be accurately found only by the summation of cell volume and 
plasma volume individually determined (Reeve, 1918). 

Simultaneous measurements of red cell volume and plasma volume in large 
rate have recently been reported by Huang & Bondurant (1956). However, 
this investigation, like most studies of blood volume in the rat, has been 
aimed at the establishment of a value for blood volume per unit body weight 
without regard to the dependence of this value on the weight or age of the 
animal. Since the relationship between Wood volume and body weight may 
not be linear, it is inadmissible to use a value for blood volume per unit body 
weight obtained experimentally in animals of one weight range in order to 
calculate blood volumes of animals in a different weight range. A number of 
investigators (Chisholm, 1911; MetcoffA Favour, 1944;Lippman, 1947; Wang 
& Hegated, 1949a} have studied the relationship between blood volume and 
body weight in the rat, but their studies are based either on cell volume 
measiircments alone or plasma volume measurements alone; their conclusions 
must therefore be accepted with reserve. The possibility of variations due to 
strain, sex and diet mtist also be admitted. 

The study here described has been carried out in order to obtain reliable 
data on the dependence of plasma volume and red cell volume on body weight 
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in a pure-line strain of rat—the August hooded stTain—oripnally obtained 
from Dr Anna Goldfeder of New York City Cancer Research Laboratory, and 
now used in many investigations at the Institute of Cancer Research. Plasma 
volume has been measured by dilution studies with Evans blue dye and also 
with “^I-labelled human serum albumin, red cell volume by dilution studies 
with ^^Fe-labclled red cells obtained from donor animals. 

METHODS 

Kormat male brown<hooded rate of tbe August strsm were used throughout. They y>en mam , 
talned on Medical Research Council diet No. 4) sod water ad Ubtlum. 

Preparatian of donor antmais for red ettt volume neasurments. Rats of weight approximately 
150 g were injected intravenously with 10 fio **Fe as ferric chloride >n 1 % eodiutn citrate solation. 
After an interval of 14 days to allow maximum uptake of radioactive iron by Che circulating red 
ceils, by which time plasma '*Fe content waa negligible, blood was withdrawn by cardiac ptmetore 
mto a heparinized syringe and injected without delay into recipient animals. 

Preliminary etudiee of mtziny «mdttione. Rats of different weights were anaesthetized with 
0-12 ml./100gafa 60 mg/mi. eotution of sodium pentobarbitone (N’embutal, Abbott Laboratories 
Ltd.) injected mttapcritooeally. The right carotid artery was cannulated with a fine polyethylene 
cannula attached to a 1 ml. syringe by a No. 20 needle. A small quantity of hepann solution was 
injected intravenously mto a lateral tail vein and tbe needle us^ for this injection was left in 
position in tbe vein. Through this needie waa then injected either: 

(a) 0-2 mb of a aolntion of 05% Evans blue (Imperial Chemical (Rhannaceuticsls) Ltd.) in 
isotonic saline, or 

(h) 0 2 ml. of a solution of 'labelled human serum albumin (Abbott Laboratories Ltd } is 
isotonic saline contamlag about 1 jtc/ml. ^'1. or 
(e) 0 2 ml. heparinized blood from a donor animal containing about 1 jic/ml. ^Fe as labelled red 
ceUs. 

At 1, 2, 6, 10, 15. 20, 30, 45, 60 rms after injection blood samples of volume approximately 
0-2S ml. were withdrawn via the carotsd cannula and transferred to weighed sample lubes Jus. 
in diameter The tubes were reweigbed to give the we^fat of each sample by difference. The 
radioactive samples were assayed directly for **’I or *'Fe la a weU-type scuitilistion counter 
(Anger, 1051) after which the blood wea transferred to Wintrobe tubes for haematoerit deter- 
minrtion. The Evans blue samples were transferred directly to Wintrobe tubes for hoematoent 
determination; after reading the haematocrite tbesupematent plasma was pipetted off and dye 
concentration estimated by dduting a portion of plasma to 3 ml. and meostiruig optical density 
at 605 m^i against a diluted plasma blank in a Unicam SP 600 speotrophotomeier. Haematoerit 
determinations were performed by centnfugation at 3000 rev/min for 30 mm at a radius of 16 cot- 
il/eoraremenf of jitaama volume. Rats were lightly anaesihettzed with ether. Either 0-2 ml. of 
a solution of 0 5% Evans blue in isotonwsalineorO 2 luL of a solution of ***I .labelled human serum 
albamin, in isotonic aaUne contaioing 1 fus/ml- **'I. was injected intraveBousiy into each animal 
by tha bteial tad vein. Using the same syringe, further 0 2 ml. portions of the injected solution 
were measured into 10 ml. volumetric fiaska and diluted to 10 ml for use as standards. Exactly 
5 min after injection, a single 0 5 ml. sample of blood was withdrawn from each animat by cardiac 
puncture with a syringe mouiened wit b hepann aolution and transferred to a sample tube } in. 
la diameter. OSmL portions of the standard dilutioQ were similarly measured into other sample 
tubes. Samples and standards were assayed as idready described 

MeaeuremtTitqfredeeUwlutne. Bats were lightly anaesthetized with ether. 0-2 ml. of heparin- 
ized blood containing 3 jic/mb *'Fe as labelled red wUs waa injected intrsveoousiy into each 
animal by the lateral tad vein. Using the same eynoge. further 0-2 ml. portions of the injected 
blood were measured into 10 ml. volaaietric fiaska and diluted to 10 ml. with water for use as 
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PV — plaama rolunie (ml /lOO g); BV —totel blood volumo {ml./100 g); 1^ =«body weight (g). 
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Fig. 2. Mtting eunf« for KvftM Wu« injfctwl Iniwrpnooil/ into August r»U. •, Ol^ersed 
concentration of dy© (n plasma; O* eoncentrallon forrertw! for amount remored in 
previous samples. 



Fig. 3. Afuing curves for s**I-labeUod human scrum aihumln injected intravenously into August 
rets, •, Observed ‘**1 concentration in larculaUng blood; O. ***1 concentration corrected 
for activity removed in previoas aamplcs. 
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standarda. Exactly 10 min after injection a single 0-5 mL aample of blood waa withdrawn from 
each animal by cardiac puncture with a ayrmge moistened with heparin solution and transferred 
to a sample tube |.in. in diameter. 0 5 ml. portions of the standard dilution were similarly 
measured into other sample tubes Samples and standards were then assayed as already described. 



I’lg. 1. Mixing curves for “Fe-labeUed red cells injected Intravenously into August rats. 
• , Observeil ‘’Fe concentration m circulating Wood; O* **Fe concentration wjrteeted for 
activity removed in previous samples 


RESULTS 

Prelimxnary studies of mixing conditions 
In order to study the mixinR of the injected materials m the circulating blood 
and to establish a valid sampling technique for routine blood volume determi- 
nations, preliminary studies were made using animals witli one carotid artery 
cannulated for serial blood sampling. Injection was performed by tail vein 
and 0-2 ml. blood samples withdrawn for analysis at jnter\’als during the first 
holir after injection. Fig. 1 shows typical results for two animals of different 
weights injected with **Fc-labcllcd red cells. Figs. 2 and 3 sliow similar results 
for animals injected ^^ith Evans blue and *”I-Iabelled human serum albumin 
re.spcctivcly. The experimental values for concentration of the injected 
material in the circulating blood are shown lioth uncorrcctcd and corrected 
for material removed from the circulation in previous samples. This correction 
has been performed using the relationship 

T 

Corrected conen. — Observeil eonen. x = — ~r . 

"here Tj-otolal amount injecteil, r^»totn| amount removeil m previous 
samples. 



E. H. BELCHER AND EILEEN B. HARRIES 70 

injection with Evans blue and “*I-labelled albumin or 10 min after injection 
with ®®Fe-Iabelled red cells, and analysed as described. 

Plasma and red cell volumes were calculated using the following relation- 
ships : 

EBpxW ’ 


where PV =s plasma vol. (ml./lOOg), 

EBq =s Evans blue concn. in. standard, 

EBp s! Evans blue concn. in plasma, 

W =bodywt. (g); 

lOx/^xP/xlOO 

or PV= ^ — rjj , 

Ib X 


where Ig =^*^1 counting rate from 0*5 ml. standard. 

Ig =^3^1 counting rate from 0*5 ml. blood sample, 
Pt = corrected % plasma in blood sample; 

10 xFesxHt 
P^D 

W 



xlOO 


where iJCF^red cell vol. (ml./IOOg), 

Fes =®“Fe counting rate from 0*5 ml. standard, 

Feg counting rate from 0*5 ml. blood sample, 

Ht corrected % red cells in blood sample, 

RCj ^volume of red cells injected (ml.). 

Haematocrit readings were corrected for trapped plasms assuming a value of 
4% of plasma in the total packed cell column (Huang & Bondurant, 1956). 
Red cell volumes were corrected for the total volume of labelled red cells 
injected; this was usually 0*1 ml. No such co^ection was thought necessary 
m plasma volume measurements where homoeostasis may be expected to 
maintain constancy of blood volume after injection. Results are shown in 
Fig. 4. 

Measurements of plasma volume with *’H-labeIIed human serum albumin 
usually showed good agreement with those made by the Evans blue method. 
However, two batches of -labelled albumin gave anomalous results; simul- 
taneous determinations of plasma volume by the -labelled albumin and dye 
methods m which samples from these batches were injected mixed with Evans 
blue showed over-estimation of plasma volume by the *®^I-labelIed albumin, 
whilst studies of the mixing curves showed a rapid initial loss of from the 
circulation amounting to some 20% of the injected material. For this reason 
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The uncorrected mixing curves the injection of labelled red cells 

and labelled plasma are similar in form. The low concentration of injected 
material in the first sample withdrawn in each experiment is due to dead 
space blood in the cannula. After the second sample, the blood concen- 
tration falls. This fall is at first mainly attributable to the mixing of the 
injected material in the circulation, but may later be due in part to the effects 
of repeated sampling and in part to the loss of injected material to extra- 
vascular compartments. 

The results for ®®Fe-labelled cells are of especial interest since no significant 
loss of labelled cells from the circulation is to be expected in the duration of 
the experiment. Inspection of Fig. 1 shows that the initial mixing phase is 
complete after 10 min. Thereafter the uncorrected curves of blood ^®Fe con- 
centration fall only slightly despite repeated sampling, showing that the 
homoeostatic mechanisms maintaining the constancy of blood volume' ate not 
able to compensate for the loss of successive samples. The corrected curves 
therefore show an apparent rise in concentration, reflecting a reduced blood 
volume. These effects are particularly clear in the smaller animal studied, in 
which the blood volume has fallen significantly after 15 min. In the larger 
animal blood volume is approximately constant up to 20 rain after 
injection. 

Consideration of Fig. 1 suggests that a sampling technique in which a single 
sample is taken at the end of the initial mixing period 10 min after injection 
is satisfactory for the estimation of blood volume witb ^®Fe-labelled red cells 
m the rat. 

The results for Evans blue and for ^^ij-labelled albumin are similar save that 
the uncorrected mixing curves show a steady fall after the initial mixing phase 
due to the removal of injected material from the circulation. If the blood 
volume is assumed constant in the larger animals up to 20 min after injection, 
the rate of loss of Evans blue and “^I-labelled albumin may be estimated from 
Figs. 2 and 3 to be 22 %/hr and 25 %/hr respectively. To correct for loss during 
mixing, the mixing curve should properly be extrapolated back to zero time. 
From Figs. 2 and 3 it is however considered that a single sample withdrawn 
5 min after injection gives a sufficiently accurate estimate of the extrapolated 
blood concentration of Evans blue or “U -labelled albumin at zero time in the 
rat, loss of injected material during the first 5 min being approximately 
compensated by the slightly incomplete mixing after this time. 

Measurements of plasma volume and red cell volume 
Following these initial studies, plasma volume and red cell volume measure- 
ments were performed on a largo number of rats. Animals were injected with 
Evans blue, **^I-labelled human serum albumin or **Fe-label]ed red cells by 
tail vein. Single blood samples were taken by cardiac puncture 5 min after 
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determination of plasma volume and red cell volume iVi large rats by Huang k 
Bondurant (195G) using a double sampling technigue. It is questionable, 
however, whether such a ptocedutc is valid in small animals where the volume 
of each sample withdrawn is a significant fraction of the total blood volume, 
since the concentration of injected material in later samples may be decreased 
by virtue of the amount removed in earlier samples. If it be assumed that the 
total blood volume and baematocrit remain constant, then it is possible to 

Table 2. TUsmA votumes, red cell volttmcv sod total blood Tolomn in male August rats 


Weight 

Plasma 

RedeeU 

Total blood 

Cardiac 

bsemstocrit 

Mean bodj 
haematorrit 

B 

ranee 

volume 

volume 

volume 

{% red cells) 

(% red cells) 

<g) 

H /lOOg) 

(ml./100g) 

{ml./10Og) 

A 

B 

A 

26-60 

63S±0*2fl 

2-2li0-l4 

7*59±D-27 

36-5 

29*1 

oso 

51-75 

4-70i0-3l 

2-34 ±0-10 

7'l0±0-30 

30-1 

330 

0-84 

76-100 

4-eOiO-22 

238iO-l3 

7-04 -*-0-24 

41-8 

33 8 

081 

101-125 

4-55 i 0-25 

2-47^0-14 

7-02 -^0 25 

42 B 

352 

0-83 

126-150 

4'13±0 20 

2M±0-10 

6-67±0-2S 

45 5 

38-1 

0-85 

161-175 

S-80±O-2O 

2-45i04)7 

631*0-19 

45-8 

38-8 

0-81 

176-200 

3 29±019 

2-39i;0-l8 

5-66±0-24 

46-7 

42-7 

090 

201-225 

3 02i0'3l 

2-25 ±0-22 

5 27 *0 34 

48-5 

42-7 

0 88 

220-250 

303i0-24 

207±0-22 

M0±0-20 

48-5 

407 

084 


The errors quoted ore fiducial limits for 05. 






Fig. 6. Mean value* of total blood volnme, plasma Tolume, red «U rolome and haeraatoent in 
August rats. The errors shown are Sducial hnuta for F—O 05. 
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less confidence is placcd'm the results obtained with -labelled human serum 
albumin than those with Evans blue, and the former have not been included 
in the detailed analysis of data. 
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Fiff. 4 . riMma Totume. red cell ToIum« and bMtn»toa>l talon in August nU. 


Table 2 and Fig. 0 show the results grouped according to body weight. Total 
blood volume was calculated as the aura of plasma volume and red cell volume, 
the small contribution (1-2%) of the white cells being neglected. The final 
column of Table 2 gives the ratio of mean hotly hacroatocrit, calculated from 
the cxiNJtimentally derived values for red cell volume and total blood volume 
to the hacmatoent measured on a sample of cardiac blootl; both haematocrita 
are expreasetl a* the percentage of red cells in total blood excluding white ceUs. 


niRCUSSIOK 

A fundamental dlfTjcaUy in the measurement of blooil volume in small animals 
by dilution methods ariies from the Urae requirMl for uniform mixing of the 
injected material and the low of injecud material to extra-vascular compart* 
menta during the mixing phase. In large tpecies this dtfTicuUy may be o\*cr- 
come by serial blood sampling and extrapolation of the bloo<l concentration 
curve back to the lime of injection. This method has been applied to the 
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determination of plasma volume and red cell volume ih large rats by Huang & 
Bondurant (195G) using a double sampling technique. It is questionable, 
however, whether such a procedure is valid in small animals where the volume 
of each sample withdrawn is a significant fraction of the total blood volume, 
since the concentration of injected material in later samples may be decreased 
by virtue of the amount removed in earlier samples. If it be assumed that the 
total blood volume and hacraatocrit remam constant, then it is possible to 


Table 2. PlaunA voluroes, red cefl toIhjiim And totai Mood rohmes in male August rata 


IVcight 

Plasma 

Red ceU 

Total blood 

Cardiac 

haematocnt 

Jlean body 
haematocnt 


raneo 

volume 

volume 

volume 

(% red cells) 

(% red cells) 

B 

(g) 

(ml./100g) 

(ral./lOOg) 

(mL/lOOg) 

A 

S 

A 

SG-fiO 

fi-38±0-2a 

2-2l±014 

7-50 ±0-27 

30 5 

20-1 

0-80 

51-75 

4-70 ±0-31 

2-34 ±0-10 

7-10±0 30 

30 1 

33-0 

0 84 

7G-100 

4-(i0±0-22 

2-38±0-l3 

7*<M±0-24 

41-8 

33 8 

0 81 

101-125 

4-65d:0 25 

2-47±0-14 

7 02i025 

42-C 

35-2 

0 83 

12G-160 

4-13±0-30 

SMiO-lO 

0 67i;02S 

45-5 

381 

0S5 

151-175 

3 8S±0-20 

2 45±007 

63t±0tD 

458 

38-B 

084 

170-200 

3-29±0Id 

2-30±0-lfl 

5-68 d; 0-24 

46.7 

42-7 

0 90 

201-225 

3 02±0-31 

2-23±022 

6-27±0-34 

48 5 

42-7 

088 

220-250 

3 03±0 24 

2 07 ±0-22 

5-10±0-26 

48 5 

407 

0-84 


The 

errors quoted ere fiducial limits for P-O-Oo. 
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Tig. 6. Mean values of total blood volume, plaAzna volume, red cell volume and haematocnt in 
August rats. The errors shown are fiducial limits for P=0-05. 
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correct t}ie measured concentration of later samples for the amount of injected 
material previously removed. If, on the other hand, the blood volume is not 
maintained but decreases in proportion to the amount of blood removed, then 
no correction is necessary. In practice, as is shown by Figs. 1-3, homocostatic 
mechanisms operate, but the blood volume may still fall during repeated 
sampling, particularly in small animals. As a result, a systematic under- 
estimation of the blood volume may result if the uncorrected data are extra- 
polated, while correction of the data based on the assumption that the blood 
volume remains constant may lead to an overestimation. It is therefore 
considered that a single sampling technique is to be preferred; the errors that 
result from such a technique are in any case small compared with the variation 
arising from biological and other causes. Tlie interval between injection and 
sampling must depend on the nature of the injected material; interv'als have 
been quoted ranging from 2 mm for injections of haemoglobin solution 
(Lippraan, 1947) to 2 hr for ^^Fe-labelled red cells. The studies reported here 
indicate that a mixing time of 5 min is satisfactory for Evans blue or 
iabelled albumin, but that 10 mm should be allowed for ^’Fe-labcJled red cells. 

The measurements of plasma volume with ***I-labelIed albumin reported 
here are not sulhcient in number for a detailed comparison of this with the 
Evans blue technique to be made, though no serious discrepancy between the 
two sets of results can be observed. Huang & Bondurant (195G) found good 
agreement between simultaneous measurements of plasma volume with Evans 
blue and ^^ij.labelled albumin mixed before injection. By contrast. Wish, 
Furth ic Storey (1950), in simultaneous measurements m mice, found that the 
■plasms volume estimated with Evans blue was consistently higher by a factor 
1*2 than that estimated with “^-labelled protein; they attributed the dis- 
crepancy to a rapid early loss of dye from the circulation, and conected their 
Evans blue data by this factor. A similar rapid initial loss of Evans blue was 
reported by Cruickshank & Whitfield (1945) in the cat. No such fall in the 
Evans blue concentration of the plasma can however be observed in the 
mixing curves of Fig. 3, though it may be mentioned that the concentrations 
used were considerably higher than those used by the latter workers. 

Frcinkel, Schreiner, Athens, Hiatt & Brecse (1954) found that the success of 
simultaneous determinations in man depended on the ratio of the amounts of 
Evans blue and labelled albumin injected; they postulated a reaction between 
the two substances leading to a rapid clearance of the latter under certain 
conditions. Similar effects have not been observed in the present studies. The 
anomalous results obtained with certain batches of labelled albumin in these 
studies may have been due to incomplete protein binding of the isotopic label, 
to partial denaturation of the protein dunng the bbelling process or to rapid 
clearance of foreign protein from the circulation. No attempt was made to 
identify the nature of the obsen'ed effects. It is, however, recommended in 
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view of the results reported that ^U-labcllcd albumin and Evans blue should 
only be used for blood volume studies in rats if detailed mixing cur\'e3 have 
been followed and show no rapid early loss of the labelling substance from the 
circulation. 

The results of the investigations show that it is incorrect to apply a single 
value for blood volume per unit weight to rots of different weights. The total 
blood volume falls steadily with increase in weight over the weight range 
studied, hut this fall is not paralleled by a similar fall in red cell volume j on 
the contrary, the red cell volume is seen to be approximately constant over the 
weight range 40-4150 g falling only slightly at the upper and lower ends of this 
range. The anaemia of the young growing rat in this weight range is thus seen 
to be mainly artifactual and to arise from the increased plasma volume per 
unit body weight in young animals. The slight fall in red cell volume 
observed in animals of body weight less than 100 g may reflect some degree 
of nco-natal anaemia. The fall observed at weights greater than 200 g may be 
related to the increased proportion of adipose tissue in adult rats; similar 
findings in man have been reported (Huff & Feller, 1950), The red cell volume 
data reported here are in reasonable agreement with those of Berlin, Huff, 
Van Dyke k Hennessy (1949), Sharpe, Culbrcth k Klein (1950), Fryers (1952) 
and Contopoulos, Ellis, Simpson, Lawrence k Evans (1954) but show a some* 
what lower value in small animals than tliat reported by Berlin, Van Dyke, 
Siti k Williams (1950). The value of 2*87 ml./ldo g in rats of weight 61-73 g 
quoted by t!ie latter authors is however based only on six observations. 

A recent study of red cell volume and plasma volume as a function of age ia_ 
the rat has been made by Garcia (1956) on the basis of red cell volume measure* 
ments with ^*Fe-labcUed cells and liaematocrit determinations. Since the 
latter were made not on cardiac or venous blood, but on blood obtained by 
exsanguinating the animals as completely as possible, the plasma volumes 
reported are probably not greatly in error despite the fact that they are based 
on measurements with labelled red cells. Both the red cell and plasma volumes 
reported are in reasonable agreement with those of Table 2, save for a marked 
fall in red cell volume in rats of weight less than 100 g, which was not obser\'ed 
in the present investigation. This may represent differences due to strain or 
diet; such differences are also suggested by the published growth data. 

Metcoff k Favour (1944), Lippman (1947) and Wang k Hegsted (1949o) 
have made measurements of plasma volume by dye dilution methods in 
animals of different weights. These workers attempted to demonstrate a linear 
regression between the logarithms of body weight and plasma volume or total 
blood volume, representing a power law relationship between blood volume 
and body weight. Thus, Lippman (1947) found his data to fit the relation- 
ship : 

Plasma volume=s0*122 (body weight)®”*. 
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correct the measxired concentration of later samples for the amount of inj ected 
material previously removed. If, on the other hand, the blood volume is not 
maintained but decreases in proportion to the amount of blood removed, then 
no correction is necessary. In practice, as is shown by Figs. 1-3, homoeostatic 
mechanisms operate, but the blood volume may still fall during repeated 
sampling, particularly in small animals. As a result, a systematic under- 
estimation of the blood volume may result if the uncorrected data are extra- 
polated, while correction of the data based on the assumption that the blood 
volume remains constant may lead to an overestimation. It is therefore 
considered that a single sampling technique is to be preferred; the errors that 
result from such a technique are in any case small compared with the variation 
arising from biological and other causes. The interval between injection and 
sampling must depend on the nature of the injected material; intervals have 
been quoted ranging from 2 mm for injections of haemoglobin solution 
(Lippman, 1947) to 2 hr for “Fe-labelled red cells. The studies reported here 
indicate tliat a mixing time of 5 rain is satisfactory for Evans blue or 
labellcd albumin, hut that 10 mm should be allowed for ^’Fe-labelled red cells. 

The measurements of plasma volume with ^^I-labelled albumin reported 
here are not sufTicient in number for a detailed comparison of this with the 
Evans blue technique to be made, though no serious discrepancy between the 
two sets of results can be observed. Huang & Bondurant (1950) found good 
agreement between simultaneous measurements of plasma volume with Evans 
blue and ^’UdaheUed albumin mixed before injection. By contrast, Wish, 
Furth k Storey (1950), in simultaneous measurements in mice, found tliot the 
‘plasma volume ostimoted with Evans blue was consistently liighcr by a factor 
1*2 than that estimated with ^^*I-labcllcd protein; they attributed the dis- 
crepancy to a rapid early loss of dye from the circulation, and corrected their 
Evans blue data by this factor. A similar rapid initial !o.ss of Evans blue was 
reported by Cniickshank k Whitfield (1945) m the cat. No such fall in the 
Evans blue concentration of the plasma can liowcvcr be observed in the 
mixing curves of Fig. 3, though it may be mentioned that the concentrations 
used were con.^idcrably higher than those used by the latter workers. 

Fremkcl, Schreiner, Athens, Hiatt k Breese (195t) found that thesuccc.ss of 
simultaneous determinations in man depended on the ratio of tlic amounts of 
Evans Itlne and labelled albumin injected; they postulated a reaction between 
the two substances leading to a rapid clearance of the latter under certain 
conditions. Similar cfrect.s have not been obser\'e<l in the present studies. The 
anomalous results obtained with certain batches of labelle<l nlbumiii in these 
studies may have been due to incomplete protein binding of the isotopic label, 
to partial denaturation of the protein during the labelling process or to rapid 
clearance of foreign protein from the circulation. No attempt wn.s made to 
identify the nature of llie ob«en(sl efTect.s. It i\ however, recommende<l in 
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of fl-SS in mice, whilst Armin, Grant, Pete & Reeve (I9r)2} obtained a value of 
0-85 in albino rabbits. In dogs, Gibson, Peacock, SoUgman & Sack (1946)' 
found a ratio of fl-Ol , but Reeve, Gregersen, Allen & Sear (1953) found 0-9S8, 
this being reduced to 0*899 after splenectomy. In man, the ratio has been 
quoted as 0*88 by Gregersen (1951) and as 0*91 by Chaplin, MoUison & Vetter 
(1953). Earlier reported values are reviewed by Reeve (1948). 

The data of Table 2 suggest that the haenmtocrit ratio increases slightly 
with body weight over the range studied. Detailed analysis of the data shows 


"0 so 100 1S0 200 250 

Body weight {%) 

Tip. 0 VftTiation of hncinatoerit rMio w»th Ixxly weight m August rats The regreaswD line 
tbo equstioa 

llacmatoctiltalio-OBO+OOOOOl body weight. 

Tho dntlcd lines eitow fiducial timiU to fho elope corresponding to P^O-05. 

that tifo linear regression of the value of the ratio on body weight in fact has 
a slope which is just signliicantly greater than zero at the 5% level of prob- 
ability (Fig. 0) The value of the ratio determined from the regression line 
ranges from 0*81 at 37*5 g body weight to 0*87 at 237*5 g body Nveight. This 
finding provides birthcr evidence that the changes observed in blood volume 
per unit body weight are related to the haemodynamic requirements of small 
blood vessels. In small nnimals, the proportion of the total blood volume 
contained in smaller vessels is increased, and the hacmatocrit ratio is thereby 
reduced. 

SOMMAnV 

I Measurements were made of plasma volume, red cell volume and cardiac 
hacmatocrit in male rats of the ‘August' strain of weight range 31-250g. 
Plasma volume was mensured by dilution analysis witJi Evans blue dye and 
also witli ^**I-labolled human senim albumin. Red cell volume was measured 
by dilution analysis with “Fe-labcUed rc<l cells. 

2. Preliminary studies of mixing conditions indicated that satisfactory 
estimation of both plasma and ted cell volume is possible by single sampling 
techniques, a sample of cardiac blood being taken 5 min after injection for 
the plasma volume measurements and 10 min after injection for the red cell 
volume measurements. 
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On the other hand, both Metcoff & Favour (1944) and Wang & Hegsted (1949 a) 
found that the relation between blood volume and body weight changed at 
puberty and that their data could not adequately be represented by a single 
regression line. The plasma volume data reported here are in reasonable 
agreement with the values quoted by Lippman (1947) and Wang & Hegsted 
(1949o). Since, however, there seems no adequate physiological basis for a 
simple power relationship between either plasma volume or total blood volume 
and body weight or body surface area, attempts to express experimental data 
in terms of such a relationship appear unprofitable, and indeed misleading. 
Moreover, because the workers cited have studied whole-blood volume in terms 
of plasma volume measurements alone their results fail to demonstrate the 
relative constancy of red cell volume per unit body W'eight during growth. 

It seems probable that the increased plasma volume of young rats is related 
to differences in distribution of cells and plasma in vessels of different size, 
and in particular to the haemodynamic requirements for a marginal layer of 
plasma m small vessels (Krogh, 1929; Gibson, Seligman, Peacock, Aub, Fine & 
Evans, 1946). If this explanation is correct, then it is to be expected that the 
pattern observed in these studies will be found to be a general one, and that 
the total blood volume per unit body weight will fall and mean body haemato- 
crit will rise with increase in body weight in any chosen species, particularly 
in small animals. Confirmation of this hypothesis must await detailed invest!' 
gations of plasma and ted cell volume in small species, which are at present 
lacking. Ancill (1956) reports a constant value of 7*20 mh/100 g body weight 
for total blood volume in guinea-pigs in the weight range 250-750 g on the 
basis of plasma volume studies with Evans blue, but gives no data relating to 
smaller animals. Wish et al. (1950) describe simultaneous measurements of red 
cell volume with ^ip-labelled red cells and plasma volume with Evans blue end 
^®H-labelled albumin in mice, quoting a mean red cell volume of 2-99 ml./lOO g 
and a plasma volume of 6-06 ml./lOO g in normal animals, but give no infor- 
mation regarding the weights of their animals. 

Unequal distribution of cells and plasma in vessels of different size is also 
indicated by the values quoted m Table 2 for the ratio of mean body haemato- 
crit to cardiac haematocrit, which shows a mean value of 0-84 ± 0-025 over the 
entire weight range. This is in general agreement with measurements of the 
ratio in other species but not with the figure of 0-987, reduced to 0-942 after 
splenectomy, lepoited by Huang &. Bonduiant (1950) in rats of 230-550 g 
weight. It may be that the high ratios reported by these workers arise, as they 
suggest, from a rapid loss of unbound from the circulation after injection, 
leading to an over-estimation of red cell volume. Values for the haematocrit 
ratio m other species have been deduced from simultaneous estimation of 
pla<^ma volume and red cell volume by a number of workers, values for man 
and dog are reviewed by Reeve (1948). Wish ct al (1950) found a mean value 
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3. BctaUed values of plasma volume, red cell volume and haematocrit of 
animals in dilTctcnt weight ranges are presented. These data demonstrate that 
it is invalid to use a single value for blood volume pet unit body weight to 
calculate blood volumes of aniniah of different weights. Hed cell volume per 
unit body weight is approximately constant over the weight range studied 
but plasma volume per unit body weight falls continuously with increase in 
weight. It js suggested that the increased plasma volume observed in small 
anmiah ja related to haemodynamic factors governing blood flow in sranli 
vessels. 

The value of the ratio of calculated mean body hacmatocrit to the 
oh'^erved cardiac blood hacmatocrit increases slightly with increase in body 
weight, n-ung from 0*81 at body weight 37*5 g to 0-87 at body weight 237*5 g, 
with a mean value of 0-84 + O-O'io over the entire weight tango. 

Thw Mtotk perfornsNi uniter the (hrection of l'r»vfr^*or W. V. Mij-neord. whose support and 

encutiragemenl Is usrmty ecknow Wged. 
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RADIOOKAPHY WITH RADIOACTIVI- ISOTOPES 

to a large extent fulfil these conditions; thiilium-170 and xenon>i33. 

Thiilhim-i'jo is prepared from normal non-radioactive thiilium-i6g by 
placing it in the strongest available neutron flux of an atomic pile. The 
radioactive isotope is formed by neutron capture and proceeds to decay 
with a half-life of 127 days. 

'I'hc decay scheme is complex (hfayncord. tos^i Mayneord and Ireland, 1956; 
IJdt'n and Starfelt, I9S3) but, briclly, is by fl-emission by two routes, one to stable 
jttcrbium ar»l the other to an excited state of ytterbium which emits y-radiation of 
84 kV and also its own characteristic x-radtation of 52 kV and 59.4 kV by a process 
knoun as internal conversion. In addition, there is a continuous broad band of 
bremsstrahUing radiation with a mean energy of about 150 kV. This is caused by 
the deceleration of the p-rays in the thulium, the mechanism being very similar to 
the production of x*rays in a normal x-ray tube. 

Ae«o«-i33, a gas, is a fission by-product of pile operation, it occurs in 
large quantities and has to be extracted by chemical and physical processes 
(Richards, 1955). 

The dee ' . • • • •, 

emits a y.r . . 

3tkVand ' . 

Tor radiographic purposes it is well understood that for the highest 
definition we must have as near a point source as possible; this necessarily 
implies a high concentration of activity if the times of exposure are not to 
be excessive. 

In the ease of thultum-iTO it has been possible to irradiate a disc of sintered 
thulium oxide, 2 mm. in diameter and 2 mm. thick, and reach an activity of several 
curies with dose-rates of up to 3 mr/minutc at 30 cm. To prevent Jeakage of the 
active material and to absorb the unwanted P-rays the active disc is scaled into a light 
alloy capsule whfeh is itself sealed into a second capsule, the total thickness of alioy 
being about 2.23 mm. 

Xcnon-133 radioactive sources are prepared by absorption of the gas on 
to charcoal at the temperature of liquid nitrogen (Richards, 1955); on 
reaching normal room temperatures tt is found that most of the gas remains 
strongly absorbed. 

Activities of one to t>vo curies have been concentrated in charcoal grains of about 
I 5 mm. m diameter. Sources of up to 13 cuncs have been made by absoAi'ng the 
gas in a charcoal rod r mm m diameter by 5 mm. long. The rod is sealed in a glass 
capillary tube and is viewed end-on in order to achieve small focal size. Such 
sources give dose-rates of up to 73 mr/minutc at 30 cm. 

APPAHATUS FOR CLINICAL USE 
For practical purposes the primary sources described above must be shielded 
and a suitable shutter mechanism arranged so that exposures can be made 
when required. The shielding must be adequate, so that when the shutter 
IS closed the source is safe to handle; due to the low energy of the sources 
this IS easy to attain. For both the thulium-iyo and xenon-133 sources, of 
the above orders of magnitude, 0.6 cm. of lead is sufficient to reduce the 
dose-rate to less than the maximum permissible of 2 mr/hour at one foot 
from the source. Theoretically the best absorber is gold, especially of 
radiations in the region of 80 to too kV (Mayneord, 1952; Mayncord and 
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RADIOGRAPHY 

WITH RADIOACTIVE ISOTOPES 
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The naturally occurring radioactive materials such as radium have been 
used as radiographic sources from the earliest days of their discovery at 
the end of the nineteenth century. Since that time many industrial uses 
have been found for these x-ray emitters, as, for example, the detection of 
blow-holes and other flaws in metal castings. 

In the field of medicine, however, the high penetrating power of these 
natural x-ray sources is far too great for radiography of the human body, 
both soft tissue and bone being traversed with almost equal facility. As 
a result of this no useful degree of contrast is registered on the photographic 
film. This situation, however, has been changed by the rapid post-war 
development of atomic phj'sics, which has, amongst its many other achieve- 
ments, made available a large number of artlficbl sources of x-radiation. 
Of these radioactive isotopes a few have penetrating powers low enough 
to produce satisfactory contrast as between bone and tissue. 

Using one of these isotopes it is now possible to produce an extremely 
simple x-ray apparatus of such small weight and size that it can be carried 
around, together with a supply of films and cassettes, in a container little 
larger than a normal brief case. The apparatus is completely self-contained 
and requires no external power either from electricity mains or batteries. 
The possibilities of such an apparatus are many and varied. In field work, 
both military and civil, uses will at once come to mind, especially the 
examination of casualties. In the veterinary world also this type of apparatus 
may be of considerable value due to the ease with which it can be handled. 
Other uses already found include the radiography of old paintings and of 
porcelain figures. 

To extend the usefulness of such an apparatus a portable film-developing 
outfit would be of great value and already a process has been developed by 
Picker-Polaroid, which has considerable possibilities in this field. 

CHOICE OF SUXTADLE ISOTOPES 
\Ve have seen that the primary requirement of a radioactive isotope for 
medical use is that its energy should be low enough to give good contrast; 
energies in the region of 50 kV have been found to be suitable. A secondary 
requirement is that the isotope should have a reasonably long half-life in 
order to avoid frequent replacement and recalculations of dose-rate as its 
strength decays. Two isotopes in particular have been investigated tvhich 
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F:g. 3.— Radiograph of mandible of dried 
skull taken tvith a fragment of thulium*t7o 
in mouth. 



(a) 



and (b) thulium-i7o radiographs. 


demountable and packs into a 
comparatively small space for trans- 
portation. 

RADIOGRAPHIC EXPERIMENTS 
The dose-rate from sources at 
present available does not approach 
that produced by conventional x-ray 
apparatus. As a result, we must use 
shorter focal distances and longer 
exposure times than in normal 
practice. To reduce the time of 
exposure to the minimum, fast films 
and intensifying screens are neces- 
sary and for this purpose we have 
used Ilford double-coated ‘red seal’ 
films and Ilford H.V. screens. For 
the type of work on which these 
sources arc likely to be used the 
results are very satisfactory despite 
the loss of definition inherent in 
this combination of films and 
screens. A stationary Lysholm grid 
was tested with various objects but 
no improved definition could be 
demonstrated and the exposure 
times were doubled. A moving 
Ducky diaphragm resulted in a 
slight improvement but again at the 
c.xpense of increased times of 
exposure. 

We have seen that thulium-170 
sources have a bremsstrahlung com- 
ponent with a mean energy of 
about 150 kV. This comparatively 
hard radiation results in a notice- 
able loss of contrast; in this respect 
thulium-170 compares unfavourably 
withxcnon-133 which has no signifi- 
cant radiation above 85kV. As the 
amount of bremsstrahlung present 
is directly related to the volume of 
thulium in the source, we should 
expect a small fragment of thuHum- 
170 to give very much better con- 
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Ireland, 1956); as little as 3 mm. of this material is sufficient for shielding 
purposes when the source strength does not greatly exceed the above figures. 

It will be obvious that there are many simple methods of making a 
suitable shutter, the precise approach depending on the application in 
mind. One solution, designed for clinical use, is illustrated in fig. i. It was 
originally intended to con- 
tain the double-sealed 
thulium-170 disc but it 
can easily be adapted to 
hold xenon-133 sources. 

The dual capsule holding 
the thulium is connected to 
a Bowden cable leading to 
the operating plunger, the 
cable length being about 2$ 
cm Thefarendofthecapsule 
13 covered by a gold disc, 3 
mm. thick, which in the 
closed position lies within 
the end of a gold cylinder of 
3 mm. wall thickness. This 
gold cylinder is terminated 
by a perspex dome into which the capsule and its gold disc move when the plunger 
IS operated. This is the exposed position and it will be seen that a ‘lighthouse’ 
beam or, more precisely, disc of radiation is emitted. 

A possible application for this type of source holder is internal radio- 
graphy, the source being inserted into various body cavities tvith the film 
outside. In this way unusual views can be taken, one advantage being that 
the normal superimposition of struc- 
tures is avoided. Difficulties arise, how- 
ever, in that the source, due to its close 
proximity to body tissue, causes a very 
high surface dose-rate: for example, the 
dose-rate due to a particular xenon- 133 
source was 250 r/minute at 0.5 cm. 

Another problem lies in the fact that 
because of the short focal distances in- 
volved there will be considerable 
geometrical distortion. 

For normal use this source holder 
can be mounted on a stand such as 
that shown in fig. 2. 'I’his allows for 
variation of sinircc-film distance and 
by sliding the source along the horizontal 
arm it can be centred over cassettes 
of various sizes Tlic illustration show’s 
a 12 inch (30.5 cm.) x 10 inch (25 cm.) 
cassette in position. The whole stand is 



TiO. 2.— Gold-»h>clilfd cliriical *ourcc 
holder on demountable stand, and 
cassette holder. 



Fic. i. — GoId-shicIdcd clinical source holder. 




RADIOGRAPHY WITH RADIOACTIVE ISOTOPES 

cannot be produced with sufficient strength to give short exposure times; 
the radiograph of fig. 3 required an exposure of about 10 hours. 

The presence of bremsstrahlung, together with the fact that thulium-170 
is not such a safe material to handle, has led to the conclusion that xenon-i33 
is a more satisfactory source. Its disadvantage of a short half-life of 5.27 
days can be set against the fact that due to the very large amounts available 
in atomic reactors it should be a simple matter to arrange for a supply of 
replacement sources at low cost. Some examples of radiographs made with 
xcnon'i33 are shown in fig. 5 and 6. The source used Jiad an initial dose-rate 
of 70 mr/minute at 30 cm., this being the source-film distance at which 
most of these pictures were taken. 
It will be seen that radiography of 
the extremities is possible with 
exposures as short as 3 seconds 
when sources of this magnitude 
are employed. The radiograph in 
fig. 7 is included as one example 
of the many non-medical uses for 
these radioisotope sources. 

A useful application would be in 
dental radiography, the method 
being to place the radioactive 
source in the centre of the mouth 
with the film wrapped round the 
outside of the face. Advantages 
would be orthogonal views of the 
full complement of teeth at one 
exposure instead of the many 
separate exposures required when 
using normal techruques. The 
source-film distances are of course 
very small, and this results in geo- 
metrical distortion from t^vo causes ; 
one due to the thickness of the teeth and the other to the finite size 
of the source. With sources of 2 mm. diameter the results have 
so far not been satisfactory but it is hoped that w'ith a reduction to 0.5 mm. 
or less some useful results may be obtained. In this case the unavoidable 
reduction of source strength with size is offset by the short source-film 
distances. 

A comparison bf fig. 4 (a) and 4 (b), both of which were made with the 
same geometrical conditions and films, will make clear the difference in 
quality bet^veen thulium-170 and normal x-ray tube radiations. This 
difference is probably due to the continuous nature of the tube spectrum 
as compared \vith the mainly monochromatic line structure of the thulium- 
170. Here we may note that an x-ray tube at, say, 75 kV has an effective 
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Fig. 7. — ^Radiogniph of porcelain ornament 
taken with a fragment of thuIium-i7o. 
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HIGH CONTRAST: a' POTENTIAL SOURCE OF 
RADIOGRAPHIC ERROR 

By G. Spiegler, Dr. Phil, F.Inst.P., F.R.P.S., R. Ollerenshaw, T.D., B.M., 
D.M.R.D., F.I.B.P., F.R.P.S., and R. Macey, M.S.R. 

Physics Department, Institute of Cancer Research, Royal Cancer Hospital, London, S.IKJ, and 
Department of Medical Illustration, The Royal Infirmary, Manchester 
(Received for publicauon November, 1956) 

I N most discussions of radiographic principles great such as the boundary between a steel ruler and 
stress is laid on the triad of detail, definition and more translucent material, would be seen on t 
contrast, and the student is often left with the map as a vertical “cliff”. In the case of the hum 
concept of the interlinking of the three, and a body such complete discontinuities of intensity ' 
feeling that, as increasing contrast tends to improve not occur, e.g. at the boundary between bone a: 
definition and hence the visualisation of detail, tissue where the bone thickness along the path 
contrast is desirable per se — in other words, the the radiation is varying. 

higher the contrast or density range the better the Now, in this connection it is most important 
radiograph. As he gains experience he realises that realise that a wedge of any material will produce t 

this is not necessarily so and that in many cases, same unsharp image (or slope on the map) as a bb 
especially in techniques such as angiography, or in and the two “unsharpnesses” cannot be distinguish 

fine marginal bone detail, the more evenly graded on the image. Anatomical blur and technical 
film with a long tone scale will be far more infor* (such as focal blur) which produce the same i 
mative. The radiologist who uses a local bright light tensity distribution may be termed ‘‘equivw 
as a means of viewing dense portions of a radiograph blurring”, 
is effectively increasing the tone scale, though often i/i^ 

he does not realise it, and it is only when the 
question of reproduction of the film with a high 
density range arises that the disadvantages become 
really apparent. 

The Incident Image ("Radiation Relief”) 

In this paper distinction is made between the 
distribution of intensities incident on the film, which 
IS controlled by the absorption differences within 
the subject, and the photographic record of that 
distribution — the radiograph. The inadent intensity 
distribution may be thought of as recorded by an 
infinite number of minute ionization chambers, 
which we may imagine to be placed m the plane of 
the film or, in the case of fluoroscopy, of the screen. 

If these incident intensities be represented as rods, 
of height proportional to the intensities, erected over 
the plane of the film, a kind of mountain relief map 
would be formed. The ratio of two neighbouring 
intensities (that is, two neighbouring heights) would "" ° screen, 

represent the radiation contrast at that particular j a ' rca 

boundary. In map-making terms, the contour Since the photographic blur is the recorde i 
interval and the horizontal equivalent of the slopes of the incident blur it seems appropriate to 
would be employed as a measure of definition at further discussion on one specific type; • 
the boundaries involved. The incident image of a chosen that caused by the use of an intensi y 
stationary subject formed by a point focus would be screen. ^ • , nsi 

free from aqy penumbra and in this sense would be Fig. 1 shows schematically the incident m * ^ 
infinitely sharp, and in the same way a sharp edge, distribution of the fluorescent light emitted f 
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average radiation energy considerably above this, in the region 
120 kV. Nevertheless, in spite of this poorer quality, radioactive isotopes, 
whilst not suitable for fine detail examination, have shown that for gross 
changes, e.g. dislocations and fractures, they may have a useful role to 
play in human radiography. 


HAZARDS 

We have seen that the radiation from these isotopes is easily screened and 
reduced to a safe level. There is, however, a serious risk from accidental 
ingestion of the active material. Thulium-170 is generally produced from 
sintered thulium oxide so that the possibility of some of the powder escaping 
from its capsules must be guarded against. Thulium-170 is a bone-seeker 
with an effective biological half-life of 60 days, the maximum safe body 
burden is only 4 microcuries (recommendations of the International 
Commission on Radiological Protection, 1955)- This amounts to less than 
o.i micrograms of the material, underlining the need for perfect sealing. 
From this point of view it would be better to use the metal instead of its oxide 
(Untermyer et aL, 1954). 

Xenon-133 is less dangerous because of its short half-life, the maximum 
permissible air concentration is 4 x io~* microcuries/ml. and the maximum 
body burden is 320 microcuries (Tobias et at, 1949). A further safeguard 
is the fact that, in common with the other rare gases, it is chemically inert 
and not easily absorbed in the body. 

This account is possible due to the early Interest taken in the subject by Professor 
W. V. Mayneord, the director of the department of physics, and to the work he 
has devoted to the subject in the last few years. The sources have been made av’ailable 
due to_ the kindness of many friends in the British and Canadian Atomic Energy 
Establishments. Dr. M. W. Wood of the x-ray diagnostic department of the Royal 
Mareden Hospital has given great assistance in the clinical aspects of the work. 

Figures i, 2, 4, s and 6 are reproduced from the British Journal of Radiology, 
and figure 3 from The Lancet, by kind permission of the Editors. 
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I N most discussions of radiographic principksi great 
stress is laid on the triad of detaU, defimtion and 
contrast, and the student is often left with the 
concept of the interlinking of the three, and a 
feeling that, as increasing contrast tends to improve 
deiinihon and hence the visualisation of detail, 
contrast is desirable per re—tn other words, the 
higher the contrast or density range the better the 
radiograph. As he gains experience he realises that 
this IS not necessarily so and that in many cases, 
especially in techniques such as angiography, or in 
fine marginal bone detail, the more evenly graded 
film with a tong tone scale will be far mof< infor- 
mative. The radiologist who uses a local bright light 
as a means of viewing dense portions of a radiograph 
is effectively increasing the tone scale, though often 
he does not realise it, and it U only when the 
question of reproduction of the film with a high 
density range arises that the disadvantages become 
really apparent. 

The Incident Image (“Radiation Reuef’*) 

In this paper distinction is made bciween the 
distribution of intensities incident on the film, which 
U controlled by the absorption differences within 
the subject, and the photographic record of that 
distribution — the radiograph. The incident intensity 
distribution may be thought of as recorded by an 
infinite number of minute ionization chambers, 
which we may imagine to be placed in th« plane of 
the film or, in the case of fluoroscopy, of the screen. 

If these incident intensities be represented as rods, 
of height proportional to the intensities, erected over 
the plane of the film, a kind of mountain relief map 
would be formed. The ratio of two neighbouring 
intensities {that is, two neighbouring heights) would 
represent the radiation contrast at that particular 
boundary. In map-making terms, tb« contour 
interval and the horizontal equivalent of the slopes 
would be employed as a measure of definition at 
the boundaries involved- The incident amago of a 
stationary subject formed by a point focus would be 
free from aqy penumbra and in this sense would be 
infinitely sharp, and in the same way a sharp edge. 


such as the boundary between a steel ruler and a 
more translucent material, would be seen on lie 
map as a vertical “cliff". In the case of the hufnaa 
body such complete discontinuities of intensity do 
not occur, at the boundary between bone sad 
tissue where the bone thicknew along the path of 
the radiation is varying. 

NW, in this connection it is most important to 
realise that a wedge of any material will produce the 
same unsharp image (or slope on the map) as a blur, 
and the tivo “unsharpnesses" cannot be distinguiihed 
on the image. Anatomical blur and technical blur 
(such as focal blur) which produce the saine >s* 
tensity distribution may be termed “equiwleft^ 
blurring". 



Since the photographic blur is the recorded i P 
of the incident blur it seems appropriate M 
further discussion on one specific type; 
chosen that caused by the use of an intenst^ 
screen. , . 

Fig. I shows schematically the incident 
distribution of the fluorescent light emitted 7 
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intensifying screen exposed under a slit 0*3 nun 
wide cut in an opaque metal plate. The two cun’es 
are those for normal (all-purpose) and high- 
definition seieens, the former producing a curve 
with flatter slopes and more depression of intensity 
within the slit. It will be seen that light is scattered 
outside the highlight of the slit area into the sur- 
rounding shadow region, and that radiation is also 
reduced within the area of the slit, the reduction 
increasing with increasing unsharpness. The pecked 
square-topped line shows the ideal distribution 
obtained when no screens are used. 

Photographic Blur 

Extension of the image tcitk increasing radiographic 
exposure 

From Fig. 1 it is obvious that short radiographic 
exposure* of the incident blurring will record only 
the region of high intensities within the sht area, 
for the low intensities will be below the photographic 
threshold of the film. Increasing exposure uill 



Fio. 2. 

The shadow ol a driving belt, of which the lower section 
was %-jbratmg, shcoMi against the bbekenings produced by 
a sector-wheel 

therefore record regions whose light is scattered 
farther away from the edge. Thus the width of a 
blurred image increases uith exposure, Wtlhasharp 
image, houever, the width of the photographic 
image is inwriant wth exposure. (Irradiation and 

• TTie term "exposure” n used in this paper to mean the 
dose m milhrSnieens to which the pamculsr region is 
exposed. 


halation effects within the photographic emulsion, 
which are small, are neglected.) 

The spread of light from the highlights into the 
neighbouring shadows, which is inseparable from 
the formation of any blurred image, must produce a 



Tic. 3. 

Facsimiles of two radiographs of a stationary grid, made 
through a brass bar through which a 2 mm hole has been 
drilled. A” was gisen three times the exposure of A', 
p' and B” are enlargements xlS of A' and A”. D'” 
la « tirmiar enlargement X 15 of a radiograph made during 
moN-ement of the grid through 0-2 mm. 
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F/o. 4. 

Radiograph of a metal damp holding a sheet of aluminium 
. 1 mm thick. The damp was moved 4 mm during the 

exposure. 


Source of Radiographic Error 

corresponding narrowing of the adjacent shadow 
areas. Fig. 2 is an example of this constriction, 
which is seen to increase with exposure: a non-screta 
fiim was placed behind a rotating lead sectoc-whttl, 
such as is used in sensitometric work, and exposed 
to X rays to obtain the characteristic curve of tie 
film. One side of the transmission belt between tie 
motor and the wheel happened to vibrate; the tin- 
sharpness of the shadow of the vibrating belt show 
against a range of photographic denstries. The blur 
is most obvious where the shadow shows with low 
contrast against low densities, whereas the boundary 
appears sharper though more constricted in the 
region of high density and high contrast or density 
range. 

Fig. 3 shows the c6fect on resolution of hi^ 
photographic densities near small shadow areas. A 
Sch6nander-LyshoIm grid (27 h'nes/cm; line width 
0-13 mm) has been used to produce a fine incident 
pattern. Figs. 3A' and 3A*' show facsimiles of W 


SOFT RAY TECHNIQUE HARD RAY TECHNIQUE 



DOSE(fnr) DOSEfmr) 


Fig. 5, 

Comparison of soft and hard-ray techniques In the upper graphs are showm the dose 
gradients; the lower unbroken curves rivnv the corresponding photographic response. 
The pecked curve "eye” indicates the visual eriect of the density gradient 
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MAUD RAY TECHNIQUE 



Fio 6. 


radiographs of the stationary grid, made on a non- 
screen film: the radiographic exposure in 3A' was 
one third of that in 3A", and the radiation contrast, 
by appropriate choice of radiation, was four times 
that in 3A". Figs. 3B' and 3B" show enlargements 
X 15 of these radiographs. Fig. 3B"' is a similar en- 
largement of a radiograph of the grid which has 
been moved 0*2 mm during the exposure. The 
Lysholm grid is recorded partly through a circular 
hole in a brass bar and partly through the bar itself. 
Satisfactory resolution of the stationary pattern is 
observed within the holes, the density of the original 
radiograph in the hole of 3A" being 1'4. Resolution 
of the grid pattern is not obtained under the metal 
bar in 3A', since here so much radiation is absorbed 
by the metal that the pattern is imaged within the 
toe of the characteristic curve, where contrast is too 
low and thus resolution is inadequate. The enlarge- 
ment of the radiograph of the moving grid (3B''') 
shows how heavy exposure can obliterate a fine 
pattern when the incident image is blurred. Because 
bevelled edges will produce the same incident 
radiation pattern as blur due to physical factors, 
Fig. 3B'" reminds us of the small range of resolution 
available for a fine pattern whose boundaries are 
intrinsically unsharp. 


The effects seen m Fir. 5 applied to two adjacent edges, 
showing the constriction of the image in the soft ray 
technique. 



Fic. 7. 

High end low contrast ndiosnaphs of an alumimum 
*tq>-wedgc. 


Tht high<ontTast image 

Fig. 4 illustrates the gross impairment of resolu- 
tion of large wedge-shaped shadows by excessively 
high contrast, and the production of "spurious 
sharpness". A metal clamp holding a sheet of 
alumimum 1 mm thick was moved 4 mm during the 
exposure, in a direction at right angles to its length. 
Where the radiation contrast is high, i.e. where the 
clamp shows against air, the blur or "movement 
wedge” is almost invisible; where the shadow of the 
clamp shotts against the aluminium sheet, and thus 
where the radiation contrast is lowered, the "wedge" 
(an important detail, for it is 4 mm wide) is very 
obvious. If a similar clamp tvcrc constructed \tith a 
4 mm bevel the wedge would lead to an identical 
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High Controii: A Patentifd 

intensity distribution without any movement, but 
in the high contrast region the equivalent b!ur \vould 
be lost; we should produce a sharp radiograph of an 
unsharp object! The two halves of Fig. 4 may be 
considered as two separate radiographs, the high 
contrast section on the left being made with a lower 
kilovoltage than the section on the right. 

The essential practical importance of the pre- 
ceding point is that the intensity distribution from 
the centre toward the circumference of the image 
of a tube, such as a vessel or ureter, varies in much 
the same way as in the case of wedges of circular or 
biprismatic section. AU that has been said of the 
faithful rendering of gradual transition and of 
spurious sharpness therefore applies in clinical 
practice, and it further applies when the question of 
reproduction arises, for excessive contrast and 
falsification of the density range can only too easily 
be introduced at this stage also. This will be 
discussed later, 

ClostT analysis of the unsharp image 

In order to increase our understanding of what 
occurs in the high and low contrast irmges of 
unsharp boundaries. Figs. 5 and 6 may help us to 
visualise the situation. Suppose two images of an 
unsharp boundary 04 mm in extent be produced by 
focal unsharpness, using high kllov'oltage in one 
case and low kilovoltage in the other. Let the tube 
tension be so adjusted that the low kilovoltage 
produces three times the radiation contrast of the 
high kilovoltage, while the shadows are identically 
exposed on both radiographs. Then the highlights, 
which are left to take care of themselves, wiM receive 
a much higher dose with soft radiation than with 
hard, and in this way a steep incident dose gradient 
will be Set up by the soft rays, while that from the 
hard rays irill be much flatter. In Figs. 5 and 6 the 
shadow' dose is assumed to be 20 mr, and the neigh- 
bouring highlights receive, say, 120 mr with soft rays 
but only 40 mr with hard (the upper graphs in Fig. 5). 

The photographic image of these incident 
gradients is formed within the characteristic curve 
of the emulsion employed. The low’er graphs in 
Fig- 5 show photographic density plotted against 
dose; for hard rays, where the dose range is small, 
the image falls within the "atraight-Iinc" part of the 
characteristic curve and 5s recorded proportionately, 
as a line very nearly straight; using the longer dose 
range of the soft ray technique, however, the record 
is no longer proportional. 

The response of the eye also enters into the 
picture at this stage. Over the smaller density range 
of the hard ray image the eye roughly follows the 


Source of Radiographic Error 

photographic density curve, but over the longer 
range of the soft ray image it fads to rnpondtotht 
higher densities, as shown in the pecked !m« 
labelled “eye”. The edge is thus seen rather 
sharper but displaced tov.’ard the shadow (see also 
Figs. 2 and 4). Sieep density gradients thus sinukU 
good definition. Almost all handbooks of radiography 
say, if only by implication, that this "improvemeDt" 
of definition by increased contrast and density 
range is a good thing; we consider that it may in fact 
be frankly spurious. 

Turning to Fig. 6 it is seen that if two highlights 
lie sufficiently close to each other, leaving a smaB 
shadow area between them, the supetimposition of 
the two “eye" curv'es is apt to produce a closing up 
of the small area. The resultant of the two “eje" 
curves is shown as a dotted line, and it is seen dial 
the high contrast image of a small shadow detaS is 
more liable to closing up than when modfrate 
contrast is employed. 

On Optimum Contrast 

\VhiIe we have given a warning that excesshe 
contrast may have a deleterious effect on the 
rendering of detail, it must also be realised that too 
low a contrast may fail to bring out small absorption 
differences. Given an ideally sharp image boundi^. 
the minimum perceptible photographic deMity 
difference is of the order of 0*02. In medical 
graphy a much greater difference will be requirwp 
particularly where the contrast of interest is supw- 
imposed-, on a pattern which may distract the 
observer’s interest from the significant detail. 



Th« "lung" «nd stationary grid. Compare this with ^ 

Figs. 7, 8 and 9 are facsimiles of radiographs ol ^ 
aluminium vvedge with 1 mm steps, ^ 

1 to 10 mm. Figs. 7A and 7B are high an 
contrast radiographs obtained by varying 
quality of radiation; the radiation contrast ^ * ‘r 
is about 25 per cent in 7A and 6 per cent in 7p- 
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HARD RAY TECHNIQUE 



SOFT RAY TECHNIQUE 



The effects seen m Fig. 5 applied to two adjacent edges, 
showing the constnction of the image in the soft ray 
technique. 



Fig 7. 

High and low contrast radiographs of an aluminium 
step-wedge 


radiographs of the stationary grid, made on a non- 
screen film: the radiographic exposure in 3A' was 
one third of that in 3A", and the radiation contrast, 
by appropriate choice of radiation, was four times 
that in 3A". Figs. 3B' and 3B" show enlargements 
X 15 of these radiographs. Fig. 3B'" is a similar en- 
largement of a radiograph of the grid which has 
been moved 0-2 mm during the exposure. The 
Lysholm grid is recorded partly through a circular 
hole in a brass bar and partly through, the bar itself. 
Satisfactory resolution of the stationary pattern is 
obserx’ed within the holes, the density of the original 
radiograph in the hole of 3A" being 1 *4. Resolution 
of the grid pattern is not obtained under the metal 
bar in 3A', since here so much radiation is absorbed 
by the metal that the pattern is imaged within the 
toe of the characteristic curve, where contrast is too 
low and thus resolution is inadequate. The enlarge- 
ment of the radiograph of the moving grid (3B'") 
shows how heavy exposure can obliterate a fine 
pattern when the incident image is blurred. Because 
bevelled edges will produce the same incident 
radiation pattern as blur due to physical factors, 
Fig. 3B'" reminds us of the small range of resolution 
available for a fine pattern whose boundaries are 
intrinsically unsharp. 

The high^centrost image 

Fig. 4 illustrates the gross impairment of resolu- 
tion of large wedge-shaped shadows by excessively 
high contrast, and the production of "spurious 
sharpness". A metal clamp holding a sheet of 
aluminium 1 mm thick was moved 4 mm during the 
exposure, in a direction at right angles to its length. 
Where the radiation contrast is high, i.e. where the 
clamp shows against air, the blur or "movement 
wedge" is almost invisible; where the shadow of the 
clamp shows against the aluminium sheet, and thus 
where the radiation contrast is lowered, the “wedge" 
(an important detail, for it is 4 mm wide) is very 
obvious. If a similar clamp were constructed with a 
4 mm be%‘el the wedge would lead to an identical 



Fio. 8 

Low contrast radiographs of the atep-wedge beneath (A) paper, (D) the “lung atructurc” 
of sponge, (C) the “lunR*' and a stationary gnd. 
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High Contrast: A Potential Source 0 / Radiographic' Error 

In Fig. 8 the effect of superimposition of other media grid has been interposed bett\-een the sponge and the 
b seen. In Fig. 8A. the wedge was placed under film. Fig. 9, page 485, is identical with Fig. 8C. It h 
layers of paper which produced roughly the same fascinating to speculate how the uniniiiatcd radio- 
overall absorption of radiation as did 4 cm of sponge legist would report on it were it isolated from tke 

in Fig. SB, employed to simulate lung structure and stages shown in Fig. 8. It would surely surprise him 

radiographed at low contrast. Here only the three to know that Fig. 9 shows the same subject as Fig. 8. 

thinnest steps are visible, their image being accom- Experiments such as these, together with careful 
modated on the straight-line part of the character- observation of radiographic 8hado\vs in daily 
istic of the film. Fig. 8C again shows the “sponge- practice, suggest that a photographic “contrast” 

lung” as in Fig. 8B, but herea Schonander-Lysholm (density range) between 0-5 and 1*2 might be 
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obvious that in 7B the exposure under the thick part differences per step, for here they are recorded on the 
of the wedge is insufficient to reveal the absorption toe of the characteristic, where the gradient is small. 
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Accelerated Ageing - a Long Terra Effect of 
Exposure to Ionizing Radiations 

By TETER ALEXANDER 
IrUroduction 

One of the major difliculties in thcscarch for the physiology, or if 
senescence is considered as a disease, the physio'pathology of ageing 
is (hat the process cannot be induced by controlled methods in the 
laboratory. So long as studies have to be confined to watching the 
symptoms and recording the changes which occur, it will remain 
difficult to distinguish primary from secondary effects. This is 
particularly serious on the biochemical level and even now there is 
no evidence whether there is a biochemical lesion associated with 
senescence. As it is, more information has probably been gained 
from the experiment of C, Af, McCoy who was able to prolong the 
total life span of rats by maintaining them on a severely restricted 
diet, than from any other experimental investigation on ageing. 
A deliberate interference with the spontaneous process had been 
made and as a result some dennite conclusions became possible. 
Unfortunately no process other than starvation has been found 
which will extend life and most of the information which can be 
obtained from this kind of experiment is probably available. In this 
paper I wish to propose a complcmentar)' approach, that of redu- 
cing the normal life span. 


Received February 10*®, 1957. 
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optimal. In the most desirable radiograph the 
overall tone range would be compressed, yet small 
absorption differences would be rendered as high 
photographic density differences. Various promising 
... 1 .-- *- *!-•- — j u-,.„ made recently; 

• is the best known. 

• • the use of television 

technique for diagnostic radiology in which the 
control of tone-volume would be possible. Spiegler 
and Juris (1931, 1933) have introduced a harmonis- 
ing or masking process for the reproduction of 
radiographs, and developments of this are referred 
to by Ollerenshaw (1953). The uses of this pro- 
cedure are, however, limited, for it increases the time, 
materials and labour required. 

Clinical Considerations 
In practice excessive contrast may lead to two 
undesirable results: the total loss of detail through 
“blacking out” of regions of low absorption, and 
the artificial sharpening already discussed. While in 
the radiograph itself some of the lost detail may 
still be observed by the application of a local intense 
light, in a reproduction it is inevitably lost. In Fig. 10 
is shown the effect of (A) suitable radiation and (B) 
too soft radiation on a femoral arteriogram. In the 
example made with a high ktlovoltage, the com- 
pression of the popliteal artery by soft tissues is 
clearly seen for what it is, while the excessive 
contrast in (B) produces the effect of a definite gap. 
At the same time many of the small collaterals have 
entirely disappeared. A similar effect, due wholly to 
reproduction procedure, is seen In Fig. 11, where 
the upper example (A) has been printed on paper of 
too high contrast, the centre example (B) on a soft 
grade (which still has not held the facial skeleton), 
and the lower print (C) is produced by masking and 
printed on a normal grade of paper. In this the whole 
range is preserved and the general balance is much 
more pleasing. The effect of using too hard a paper 


is very similar to that produced by radiation of too 
low a kilovoltage. 

Fig. 12 is an example of the production of unreal 
narrowings of tubular viscera, in this case the 
ureters, and the possibility of correction by the 
method of Spiegler and Juris (1931, 1933), using the 
masking frame described by Spiegler and Giles 
(1953). The prints are (A) on hard paper, (B) on 
soft paper, and (C) a masked print on hard paper. 
The same “closing up” as in (A) will be produced on 
the radiograph itself by the use of too low a kilo- 
voltage or a film of too steep a gradation. 

These effects are not confined to hollow viscera, 
and they appear in specialised processes. Radio- 
graphs were made, at differing kilovoltages, by the 
fine-gram method of Rowley and Fletcher (1951). 
Even with this essentially low contrast method of 
processing the fine marginal trabeculae of new bone 
in hypertrophic pulmonary osteoarthropathy (Fig. 
13) may be entirely lost. The pair of radiographs 
were made at 90 kV (A) and 40 kV (B). 

SUMMARV 

Unsharp transitions in incident radiation relief may be 
due to anatomical and pathological eonditions and should 
therefore be rendered visible in the final rsdiograph. The 
harmful effect of "sharpening up” the appearance of 
unsharp boundaries by excessive contrast is discussed, and 
the somewhat fallacious link commonly taught between 
detail, contrast and definition is shown to require qualifi- 
cation. Investigation of the lower limit of perceptible 
density difference under unfavourable conditions permit 
an «timate of optimum density range in practice. Some 
clinical examples are considered and the function of contrast 
in reproduction is pointed out. 
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US right up against one of the focal questions of gerontology; what 
distinguishes a young from an old animal. The literature abends 
with histo-pathological observations and it is quite possible for the 
experienced observer to give his impression from sections whether an 
animal seems to be old. But none of the changes are suitable as a test 
since they cannot be made quantitative. Even as purely subjective 
indications they are unreliable, since pathological changes pre- 
dominate, which need not follow directly from the more fundamen- 
tal biological and biochemical changes which initiate senescence. 
Apart from the sex organs physiological function has not been 
satisfactorily related with age; for example changes in capillary 
circulation and diffusion, though definite, cannot be used quanti- 
tatively, The position about biochemical tests, such as distribution 
of calcium and changes In connective tissues, is equally vague. 

An approach which seems hopeful is based on the discovery by 
F. Ver^df and co-workers, that with increasing age animals adjust 
tliemseivcs less readily to changes in environment. 

Adaptation to reduced atmospheric prwsurc, where change in 
body temperature is used as a criterion (3), was found to be both 
slower and less complete with older rats. It is significant that the 
response to low oxygen tension of the bone marrow in increasing 
the haemoglobin level was not influenced by age, any more than 
was the rate of replacement and compensatory hypertrophy of the^ 
kidney and adrenals following partial removal by surgery (4). As in 
the ease of reduced pressure, old animals were less able to maintain 
their body temperature when placed for some hours in an environ- 
ment of low temperature (5). Both experiments suggest that ageing 
decreases the ability of the general metabolism to respond to a 
sudden demand. Psychological tests (6) which have shown that old 
rats rc-learn less quickly than young ones can probably also be 
considered as lack of adaptation. 

Perhaps the simplest criterion for ageing is the elastic behaviour 
of rat tail tendons; Verzdr (7) found that the force with which the 
collagen contracts when heated above 62'’ G increased steadily vrith 
age. We have recently confirmed this observation fully and are 
investigating the chemical changes underlying it. Chemical changes 
which occur in collagen arc unlikclytobeaprimaryfactor in bringing 
about the biological end effects commonly associated with ageing; 
consequently failure to observe a change in the physical chemistry 
in the collagen of an animal which has been irradiated need not 
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In a closely argued study based on statistical evidence Hardin 
B. Jones (1) develops the concept that life span depends on the 
general disease history. Each illness prediposcs to the contraction of 
further disease and an illness of any kind has therefore an autocata- 
lytic effect on the general state of health. The length of life is 
determined by this disease history which in its turn is largely 
governed by illnesses contracted early in life. In brief - a long life 
must be a healthy one, statistically speaking. No attempt appears to 
have been made to test this concept in die laboratory and in 
retrospect it seems strange that, with the exception of radiation, the 
influence of a succession ofsevere stresses on life span has never been 
examined*. For example, the experiment of determining how a 
severe infection checked ivith an antibiotic affects long term survival 
remains to be carried out. 

A number of good experiments have however been done which 
show that the irradiation of the whole body with X» and y-rays and 
neutrons decreases the Ufe expectancy of animals which had not 
succombed to the more immediate effects of radiation sickness. The 
object of this paper is to show that some deductions can be made 
about normal ageing from existing studies in radiation biology; but, 
I hope above all to indicate that by learning about the factors which 
determine the ageing mechanism of ionizing radiations a new ex- 
, perimcntal approach to the study of the universal illness of senescence 
is available. Moreover the experiments are of a comparatively short 
term character, since an accelerated test h involved and the effect 
of different prophylactic measures and of a variety of postdrradia- 
tion treatments can be examined. A programme to determine the 
influence of different chemicals or other treatment upon spontaneous 
ageing would be very difficult with laboratory animals since each 
experiment would take at least two to three years. 


Criteria for Ageing 

How can one tell whether the process of premature ageing bears 
any resemblance to the spontaneous process? This question brings 


• G;^*»and iUaUy (2) report that injections of typhoid toxin and of nitrogen mustard 
at toxic le\els failed to produce a marked shortening of life span, but their experimental 
data is not capable of revealing any but the most pronounced changes since msuiy of the 
animals died immediately after the treatment and the survivor* cannot be strictly 
compared with the controls. 
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melanocytes in general requires doses which would be lethal ifgiven 
to the whole body. It is very striking how a white patch" which 
appears some weeks after wliolc body irradiation disappears com« 
plctciy after some months. 

In general an animat which has not succumbed in the first 
month win apparently recover completely and can after some weeks 
not be distingufthed iuslologicatty from that of a nonirradiated con- 
trol. 

Yet this recovery is not complete and some hidden injuries 
remain, the most notable being an increase in the incidence of can- 
cer and leukaemia months or years later. Two types of carcino- 
genic action must be distinguished; local irradiation with very high 
doses (many times greater than the LD 50 if given to the whole 
body) will produce relatively quickly tumours at the site of irradia- 
tion. Following whole body doses turnout appear towards the end 
of life and there arc great variations within the same species from 
one strain to another, both with regard to the types of neoplasm and 
their frequcrtcy. In some strain whole body radiation produces leu- 
kaemia, in others ovarian tumours, while in others a wide spectrum 
reminiscent of spontaneous cancer in non-inbrcd strains is found. 
A notable feature is that genetic factors arc very much more impor- 
tant in determining the cancer pattern after whole body than after 
high doses of local irradiation. For example, in one strain of mice 
a whole body dose of as little as 25 r (LD 50 is about 800 r) is 
definitely carcinogenic, while in others not even 500 r produced a 
detectable increase. 

The “Jong term’* effect ofintcrest to gerontology is the shorten- 
ing of hfc span. The first question is whether this is real or is merely 
a reflection of the carcinogenic action relatively late in life. There is 
one clear cut series of experiments (8), the relevant results of which 
are shoivn in fig. 1, ivhicb prove that even when allowance has been 
made for death from cancer the irradiated animals died sooner than 
the controls. It must be stressed that this applied to animals which 
-were relatively susceptible to radiation carcinogenesis. The relative 
shortening of life span seems to be cfTcctcd much less b)'- genetic 
factors than the induction of cancer and in other straitis the evidence 
for shortening of life span by death other than cancer is therefore 
even more convincing. Indeed many malignancies produced by 
irradiation are found so late in Hfe that they do not seriously influence 
survival times. 
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imply that radiation does not simulate true agdng. But a positive 
result would argue strongly for a close relationship. In the adapta- 
tion experiments, on the other hand, a very fundamental change is 
measured and one which is most unlikely to be a mere secondary 
side-effect. In the present state of knowledge they are probably the 
most critical quantitative measurements for ageing which can be 
made to test ^vhether a treatment such as irradiation whith shortens 
life span is related to normal ageing. 


Shortening of Life Span by Irradiation 

The effects produced by exposing the whole of an animal to 
ionizing radiations fall broadly into three groups* ; the immediate 
effect, the long term effects and the genetic effects. The last only 
become apparent in future generations and are not relevant to the 
problem under discussion. Most of the immediate effects in small 
mammals are noticed within a few days after irradiation. If the dose 
is large enough, death from radiation sickness will occur on about 
the 10^*' day in the case of mice and rats, although there are re- 
markable variations between strains. With smaller doses recovery 
from most of the symptoms of radiation sickness sets in quickly and 
for most organs is complete in less than a month, as far as can be 
judged histologically. Although many cells arc killed they are 
replaced so that the different organs regain their normal function. 
When the dose is great (i. e. approaches the LD 50) then restitution is 
incomplete, in a few special cases, the most important of which are 
the reproductive organs. Temporary sterility is a general symptom 
of radiation sickness, but with large doses there is sometimes no 
recovery or more commonly there is permanent partial sterility, 
revealed by small Utter sizes. Greying and loss of hair by radiation 
very strikingly demonstrates the power of complete recovery and 
the fur returns to its original state even after wide spread epilation. 
Greying of hair is also temporary and permanent destruction of the 

• In this discussion the effects produced by the so-called supra-lcthal doses which kill 
the animal within minutes or hours of the irradiation are not considered. The definition 
of a lethal dose is necessarily arbitary since all exposures arc believed to decrease life 
expectancy. The magnitude of the lethal dose will depend therefore on the period of time 
which is allowed to intervene between irradiation and scoring of death. In practice this 
difficulty u not serious since radiation either ktlb a mammal vrithtn one to two weeks 
from immediate effects or many months later from delayed effects. The usual definition 
of the lethal dose as the LD 50 within 30 days is for most purposes unambiguous. 
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hundred roentgens. Clearly, the shortening of life span by radiation 
is not the result of a single severe stress - i.e. radiation sickness - and 
cannot be fitted into the theory of Hardin B. Jones, that life expect- 
ancy is determined by the number of serious illnesses throughout 
life. Although the cjustcnce of the effect is certain, quantitative data 
for life shortening by radiation is rather confused, since the influence 
of different regimes of irradiation have not been studied systemati- 
cally. For example, neither the relation between dose and reduction 
in life expectancy nor the relative effectiveness of single and repeated 
irradiation have been established. All our information comes from 
data obtained incidentally in experiments designed for other 
purposes. H. A. Blair (9) has collected together the best of all the 
information available for mice and rats and has compared them by 
the expedient of expressing the dose not in roentgens but-as the 
fraction of the LD 50 (30 days) which varied \ridely in the groups 
compared. Thus a dose equal to half that of the LD 50* (see fig. 3), 
shortened life span by 12%. With repeated small doses, much 
greater shortening in life span can be obtained (10) since the total 
dose received may be two or three times greater than the LD 50, 
if the successive irradiations arc properly spaced. Most of the 



Ftg. 3. life shortening expressed as percentage of normal adult LTc-span of mice and 
rats following 4 single dose of X-r y.ra>-s. The dose is expressed as the percentage of the 
LD 50 (30 da>-5) so that different strains can be compared. The different points represent 
differcat experiments (reproduced from H. A. Blair [9]). 

• Since the dose mortality curve for radiation is very steep less than 5% of the animals 
which have received ibis dose will have died acutely (i-e. within 30 dajs). This data b 
therefore not invalidated by selection until doses greater than 75% of the LD 50 are 
reached. The reduction in life spaa of the survivors from doses above U) 50 are very 
great, but the data may not be very meanil^:ful since the groups will be atyp‘^ as a 
result of selection. 
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ACC AT OtATH (MONTHS) 

Fig. /. Life-Span ofinice irradiated with 400 r of X-ray's. In both thecontro) and irradiated 
series all animals which had tumours at death were neglected (data from [8]). 


The life span is shortened both by one single large dose, when 
the animal wll have had serious symptoms of radiation sickness, as 
well as after repeated small doses which give rise to no immediate 
symptoms. Fig. 2 shows an early experiment where daily doses 
shortened life although the animals at no time showed signs of 
radiation sickness. Their bone marrows and intestines never suffered 
damage like that of animals which received a single dose of several 

UNlKAAOlArtO O 



Fig. 2. Life-Span of rats which had received small doses of radiation on every day of their 
lives (data from the Biological Effects of External Radiation {edit, by ft. A. Flair], publ. 
McGraw-HiU. 1954). 
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of the tissues and fat deposition of irradiated animals assumes the 
appearance associated with old age much sooner than with non- 
irradiated controls. But the most impressive parallelism between 
ageing and long term radiation effects is in the pathological changes. 
Reference has -already been made to the induction of cancer svhich 
can certainly be considered as a typical disease associated svith 
ageing. In the normal population the incidence of cancer increases 
rapidly with age and radiation accelerates the time scale. 

Much work has been done on the induction of cataract by irra- 
diation. Although this condition is not a sequelae of whole body 
radiation like cancer, it shows that local cficcis of radiation which 
thcmsclve do not shorten life produce cellular changes similar to 
those occurring spontaneously in old age. Loss of hair pigment and 
epilation and skin changes such as telangiectasia arc also typical 
symptoms of old age which follow irradiation, often many years after 
a local irradiation given as therapy. 

There arc a number of reports, both from radiotherapists and 
anim.il experimenters, of Changes in the kidneys (12, 13, 14) and 
the central nervous system (15, 16, 17} following a long time after 
irnadiation, whicli seem to have special importance in relation to 
ageing since there are indications that (12, 16) the pathological 
conditions observed arc secondary to sclerotic changes in the blood 
vessels. 

Finally there is evidence that in addition to the immediate effect 
of relatively large doses there is progressive impairment of repro- 
ductive capacity following on protracted irradiation. For most 
organs damage is greatest when the radiation is given as a single 
dose but this effect is much less marked for the testis indicating that 
recovery processes are less eflcclivc (18), and long term effects 
become possible. For example, (10) a dose of 1 r of X-ray per day 
produced complete atrophy of the germinal epithelium of dogs at 
the end of 622 days, but did not damage significantly other radiation 
sensitive tissue like the bone marrow. 

In the female the ovaries arc very radiation sensitive -■ possibly 
more so than the male organs to a single dose - but they arc much 
less sensitive to protracted doses (20, 21) which suggests that de- 
layed effects win be less important. In relation to ageing it may 
however be relevant women who have received several hundred 
roentgen underwent an artifical menopause similar in most respects 
to that which normally occurs (22). 
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damage from each irradiation will be repaired before the next dose 
is received so that the level of damage is below that giving rise to 
radiation sickness in a severe form. When considered on the basis of 
dose only then repeated small doses are less effective in shortening life 
than one single dose although the exact factor cannot be evaluated, 
since in the experiments with divided doses there are so many va- 
riables that a relationship obtained from results of different experi- 
ments is meaningless. 

Deductions have been made from this rather unsatisfactory data 
which exceed reasonable limits of scientific caution. For example, 
the statement that there is no threshold dose for life shortening and 
that every exposure is harmful in this connection cannot be ac- 
cepted when it is realised that it is based on a compilation of different 
experiments such as that shown in fig. 3. Even more suspect is the 
statement that 1 r reduces the life of man by 10 days. This statement 
is based on the difference in life span of American doctors who had 
and who had not come into regular contact with X-ray machines. 
The former lived on an average some 5 years less and were guessed 
to have received the equivalent of some 150 r of whole body radia- 
tion. Hence 1 r loss of 10 days. Much more experimental data is 
necessary before extrapolation of this type become permissible. 


Is the Radiation Effect Similar to Spontaneous Ageing? 

This question cannot be answered other than by guesswork and 
intuition. Unfortunately the adaptation tests ofageing developed by 
Verzdr (see p. 1 78) are too recent to have yet been applied to irratiated 
animals and no one appears to have made any attempt to compare 
natural and radiation aged animals by any tests which can be ex- 
pressed quantitatively. We are therefore left with subjective im- 
pressions which are not very valuable in such a complex field. Right 
from the earliest publications (e.g. 10) pathologists have remarked 
on the fact that irradiated animals seem to be prematurely aged. 
Their coat goes grey and assumes the feel and general appearance of 
an old animal much earlier than that of a nonirradiated control*. 
According to experienced pathologists (c,g. 8, 10), the .morphology 


• Thb greying U not related to the temporary or cien permanent greying ruhich 
follovi ihortly after a ie%-cre irradiation. Thu u an effecl of raduiion sicknen which ha» 
duappeared long before the animalr "age”. 
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to measure the magnitude of this effect (25 and 26} its existence is 
revealed by an analysis of radiation data which was not intended to 
bear on this point (c.g. 27^ 28). The best way of measuring residual 
damage is to give one or more large sublethal dose to a group of 
animals and determine the LD 50 at different times aftenvards. The 
experiment must be designed so that the original popuiation is not 
distorted by killing an appreciable number of animals by the 
conditioning dose. 

The first experiment (26) using rats having an LD 50 for a 
single dose of X-rays of 600 r was as follows; 

Animals were given 300 r, a dose which killed none of the rats, 
and were then irradiated with different doses to determine the 
LD 50 one, two and three weeks after the “priming” dose. The 
LD 50 \vas reduced to 430 r, 500 r and 530 r respectively. Btaua ct 
al. (25) established that recovery of mice was complete after four 
weeks; three conditioning doses of 300 r were given at three weekly 
intervals without any fatalities; the LD 50 was then determined 
4 weeks and 8 weeks after the last irradiation. It fell 644 r ± 15 to 
544 and 564 r efc 15 respectively. 

Eividence that this reduction in LD 50 represents a true residual 
injury and not slow recovery is abundantly provided by data on the 
rale of recovery {c.g. 27, 28) using the “titration” technique 
described. By determining the LD 50 dose of X-rays at different 
times after the conditioning dose it was found that in the case of 
mice half of the recovery which could be obtained was achieved 
after seven days. Fig. 4 illustrates the situation in diagrammatic 
form. 

Blair (29) and Smith (30) have extended the idea of residual 
damage to death from repeated and even continual irradiation. 
They postulate that an animal dies acutely (i.e. within 30 days) 
when it has sustained an amount of damage equal to that produced 
by a dose of X-rays which would kill a normal, i.e. not previously 
irradiated animal. This damage is made up of all the residual 
damage left from previous irradiations as well as the whole of the 
last dose received. Most of the available data on protracted irrada- 
tion can be satisfactorally accounted for on this theory. By assuming 
that the fraction is 20% and that restoration occurs exponentially 
and is half complete after seven days. 

The simple treatment can however only be considered as a first 
approximation and there are indications that the proportion of 
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Although all these observations fall far short of proof that 
shortening of life span by radiation can be considered as an accele- 
ration of the natural process, this concept provides a useful basis for 
further experiments. 

Residual Damage 

Experiments designed either to find out the mechanism by 
which radiation shortens life or how to reverse this effect may be 
simplified and very much speeded up if the lesions responsible can 
be identified with the residual or irreparable damage which is a 
characteristic feature of radiation injury. Following a dose of radi- 
ation. to the whole body damage can be seen in mammals at many 
sites. Perhaps the earliest cflect (about one hour after radiation) is a 
change in oxydative phosphorylation (23) in radiosensitive organs 
like the spleen. This is soon followed by changes in the blood 
pattern and all the other symptoms of radiation sickness. Recovery 
from some of these is extremely rapid; for example, damage to the 
gastrointestinal mucosa in mice and rats is very extensive as there is 
a complete cessation in mitosis less than one day after irradiation. 
But, regeneration sets in about three days afterwards and the organs 
appear quite normal about a week or so later, even in animals which 
have received a lethal dose and die soon after (i.e. Mthin ten of 
irradiation). Permanent damage at these sites requires dose well 
beyond the lethal range (24). The position with regard to the 
radiosensitive organs such as the bone marrow and lymph glands is 
very similar. Recovery is apparently complete following doses up to 
the LD 50 (within 30 days) and the blood picture eventually returns 
to normal; only after repealed doses is there a permanent lowering 
in white cell count. Regeneration seems to be delayed longest in the 
reproductive organs and in hair (sec page 179). 

The existence of delayed cfTccts such as cancer (sec page 180) 
sho\vs that recovery from a dose of radiation sufficient to produce 
severe radiation sickness is by no means as complete as the absence 
of lesions suggests. The incompleteness of this recovery can be 
revealed even without waiting for the appearance of the delayed 
effects since the resistance of an animal to a further dose of radiation 
is permanently reduced by earlier exposures. The magnitude of the 
residual or irreparable damage 0.10 be assessed by determining the 
reduction in the LD 50 dose, following earlier irradiations. Although 
only two experiments have been published which set out specifically 
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ageing can therefore be obtained rapidly by measuring the LD 50 
to X*rays. 

In the previous section reasons for the vicsv that radiation-pro- 
duced ageing simulated the natural process were collected together. 
Very strong support for this view would be derived if the LD 50 for 
X-rays decreased with increasing age for ordinary (i.c, nomrradi- 
ated) animals. Natural ageing could then be equated with irrepar- 
able radiation injury. Surprisingly there svcrcalmost no data bearing 
on this point until a paper was published in 1956 (32). General 
agreement exists that young mice and rats up to eight or nine weeks 
old arc more radiation sensitive than mature animals, but only 
isolated experiments were recorded on old animals. Hursh and Casa- 
reii (33) compared the LD 50 of six and sixteen month old rats and 
found that llie I.D 50 (X-rays) fell from 7 1 5 r to COO r. These authors 
collected different data for rats In the literature and were able to 
construct a curve relating LD 50 with age which passed a distinct 
maximum at 100 days. The hypothesis that X-ray injury is'cqui- 
valent to ageing injury seemed therefore to be strongly supported. 
However, a very recent experiment (33) of which the full details 
have not yet been publish^ in full, shovv’s that the LD 50 X-ray 
dose for mice docs not fall significantly bclsvccn 4 to 30 months 
(young mice arc less resistant). It cannot be denied that the thesis of 
this paper that radiation cfTccts can assist in the study of senescence 
would be greatly undermined if the LD 50 were not less for old 
animals. But, before abandoning the attractive view' that death 
from old age, like death from repeated and protracted irradiation, 
occurs when the sum total of irreparable injuries sustained through- 
out life passes a given value, the possibility of modifying the theor)’ 
must be considered. The test may not be straight forward since it 
may be necessary to wait for the onset of senescence before a reduc- 
tion in radio resistance occurs. In other words a decrease in the 
LD 50 may only become apparent at an age at which the normal 
survival curve begins its steepening dowmvard trend. This situation 
'would arise if the accumulation of irreparable injury during normal 
life is an autocatalytic effect. That is, as irreparable injuries 
accumulate, so the ability to repair decreases and consequently 
stresses in later life arc restituted to a smaller intent than when 
young. The same may also apply to the LD 50 for radiation, 
especially since there arc indications that the irreparable fraction 
seems to increase Avith the size of the conditioning dose; see p. 187. 
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Fig. 4 Diagrammatic rcpresenwtlon of the re-covery of antmaU from a single dose of 
radiation on the assumption that recovery is (1) exponential with a half lime of 7 days 
and (2) limited to 80 % with 20 % remaining permanently. "Hie recovery is measured in 
terms ofLD 50 If the initial LD 50is R and the priming dose r, then LD 50 at different 
, ^ % Recovery x r. 

ioo 


damage which is not repaired is greater following high doses than 
for low doses, but most of the experiments can be accommodated 
by a range from 10 to 20% for the irrcpairablc fraction, 

AU the foregoing applies to sparsely ionhing radiations such as 
X- and y-rays. More densely ionizing radiations, such as those 
produced by neutrons, are more cfTcctivc, and the LD 50* is 
considerably lower. There arc indications (31) that recovery from a 
sublclhal dose is much less complete and the irrcpairablc fraction 
may be as much as 50%. It would be most valuable to have more 
information about the long term injuries following irradiations with 
fast neutrons, since studies so far published arc almost entirely 
confined to carcinogenesis and induction of cataract. 

JHesidaal Damagf and Agdng: Although the evidence falls far short 
of proof all the data is consistent svith the vicsv that the permanent 
damage following irradiation rcs’calcd by shortening in life span 
(see page 182) is also responsible for reduction in the acute lethal 
dose. As far as can be judged both arc proportional to radiation dose 
and of the same magnitude; that is, permanent injury correspond* 
ing to 20% of the LD 50 shortens life expectancy by appro.ximatcJy 
the same amount- A value for the extent of radiation-acccicratcd 


• The dene must be expressed In »n energy tinH »uch aa ihe Tad for comparison 
Wtsveendiffetrotionuing radiations I tad » t r (very nearly) for X*rays 
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ageing can therefore be obtained rapidly by measuring the LD 50 
to X-rays. 

In the previous section reasons for the view that radiation-pro- 
duced ageing simulated the natural process were collected together. 
Very strong support for this view would be derived if the LD 50 for 
X-rays decreased with increasing age for ordinary (i.c. nonirradi- 
ated) animals. Natural ageing could then be equated with irrepar- 
able radiation injury. Surprisingly there were almost no data bearing 
on this point until a paper was published in 1956 (32). General 
agreement exists that young mice and rats up to eight or nine weeks 
old arc more radiation sensitive than mature animals, but only 
isolated experiments were recorded on old animals. Hursk and Casa- 
rett (33) compared tlic LD 50 of six and sixteen month old rats and 
found that the LD 50 (X-rays) fell from 715 r to 600 r. These authors 
collected diflerent data for rats in the literature and were able to 
construct a curve relating LD 50 with age which passed a distinct 
maximum at 100 days. The hypothesis that X-ray injury is equi- 
valent to ageing injury seemed therefore to be strongly supported. 
However, a very recent experiment (33) of which the full details 
have not yet been published in full, shows that the LD 50 X-ray 
dose for mice docs not fall significantly between 4 to 30 months 
(young mice are less resistant). It cannot be denied that the thesis of 
this paper that radiation clfects can assist in the study of senescence 
would be greatly undermined if the LD 50 were not less for old 
animals. But, before abandoning the attractive view that death 
from old age, like death from repeated and protracted irradiation, 
occurs when the sum total of irreparable injuries sustained through- 
out life passes a given value, the possibility of modifying the theory 
must be considered. The test may not be straight forward since it 
may be necessary to wait for the onset of senescence before a reduc- 
tion in radio resistance occurs. In other words a decrease in the 
LD 50 may only become apparent at an age at which the normal 
survival curve begins its steepening downward trend. This situation 
'would arise if the accumulation of irreparable injury during normal 
life is an autocatalytic cfTcct, That is, as irreparable injuries 
accumulate, so the ability to repair decreases and consequently 
stresses in iater life are restituted to a smaller intent than ivhen 
young. The same may also apply to the LD 50 for radiation, 
especially since there are indications that the irreparable fraction 
seems to increase with the size of the conditioning dose; see p. 187. 
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Radiobiology and Gerontology 

Although the relation between irreparable damage followng 
whole body irradiation with X-rays and senescence is tenuous, an 
investigation designed to determine the nature of this irreparable 
damage can be considered as a useful approach to the physiology of 
ageing changes, since there are so few other experimental possibili- 
ties of doing so. 

There are several kinds of post-radiation changes which re- 
search in radiobiology suggests could give rise to irreparable damage. 
The incorporation of abnormal cells (or cell constituents), produced 
either during the initial injury or in the subsequent recovery phase, 
into organs which histologically appear to have returned to normal 
could be most harmful. The development of radiation cataracts 
may be traced to the deposition of fibres by cells which were killed 
by radiation. Imperfect removal of the debris interfered with normal 
replacement. Even the induedon of tumours could arise in this way 
since Opptnheimr et al. (34) have sho^vn that the subcutaneous 
implantation of any foreign substance, so long as it is in the form of 
a flexible and impermeable film, mU produce tumours. The possi- 
bility of chemical carcinogensis has been excluded in these experi- 
ments and the effect must be due to some physical factor, such as 
perhaps hypoxia next to the film. It seems possible that radiation 
injuries might be followed by the deposition of some membrane- 
like structure which would then induce tumours in the same way 
as polymer films. 

The preferential destruction of stem cells may produce an 
imbalance in rapidly dividing tissue which may not become appar- 
ent for a considerable time. Thus after radiation the exact time 
cycle which regulates the release of cells from bone-marrow may be 
permanently impaired. Granulocytes, which can be recognised his- 
tologically as immature, are present in the blood stream for some 
weeks after irradiation and this shosvs that at a time when the bone- 
marrow had become repopulatcd and looked apparently normal, it 
was not functioning quite normally. Some such defect may persist 
and it would not be recognised anatomically if the extent of matu- 
ration was only slightly effected. Yet the biochemical changes might 
be very great and reduce the resistance of the animal. 

So far very little attention has been given to the damage done 
by radiation to capillaries and blood vessels. Increased fragility has 
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been noted but no detailed histological studies have been performed. 
The walls of these capillaries must be undergoing replacement just 
like the lining of the stomach and intestine. We J:no w that radiation 
greatly injures these two organs by preventing the replacements of 
cells in the mucosae. An exactly similar situation probably exists 
with regard to the blood vessels and it is not inconceivable that 
these ssiil undergo changes svhich may result in the same sort of 
injuries as the sclerotic changes associated svith normal ageing. 

Finally, while damage to the nucleus of cells may give rise to 
the genetic (somatic- mutations?) changes responsible for the 
appearance of tumours^ damage to the cytoplasm may result in 
biochemical deficiencies which cannot be recognised histologically. 

Localisation of Residual Damage: The first problem to decide is 
whether the reduclion in acute lethal dose is due to a genera! failure 
to compensate for stresses of all kinds or whether specific organs are 
involved. It may be that the residua! injury represents a "fatigue” of 
the recover)' mechanism in which ease the resistance of the animal 
to most types of poison w'ould be reduced by an irradiation given at 
least six weeks earlier. This could be tested for by detcrnvnmg the 
dlfTcrcncc before and after irradiation in the LD 50 for a number of 
poisons which arc knox^m to cause death in difTcrent waj-s. 

Bioehemieal Lesion: If experiments of this type fail to indicate that 
the irreparable damage can be associated with any particular organ 
the cause for the reduced capacity to overcome severe stress must be 
the result of some general cellular injury'. Since no visible damage 
persists attention should be focussed on some biochemical deficiency. 
As yet all the experiments on the pathological biochemistry' of 
irradiated animab have been confined to the period of acute radia- 
tion sickness; no attempts appear to have been made, except for the 
induction of cataract, to correlate the Jong term effects with a bio- 
chemical change. In the absence of such data the number of possi- 
bilities is huge but the range can probably be narrowed by studying 
how external factors, xvhich are knoivn to influence the immediate 
consequence of radiation, effect the amount of residual injury' pro- 
duced. For example, the administration of cysteine or ^-mercapto- 
cthylamine immediately before exposure doubles the radiation 
resistance of mammals as judged by the LD 50 (w'ithin 30 days). It 
is widely believed (see for examome 35) that this effect is brought 
about by the protection of the mechanism which accelerates the 
regeneration of hacmopoiclic tissues. In general the chenucal 
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Radiobiology and Gerontology 

Although the relation between irreparable damage followng 
whole body irradiation with X*rays and senescence is tenuous, an 
investigation designed to determine the nature of this irreparable 
damage can be considered as a useful approach to the physiology of 
ageing changes, since there arc so few other experimental possibili- 
ties of doing so. 

There are several kinds of post-radiation changes which re- 
search in radiobiology suggests could give rise to irreparable damage. 
The incorporation of abnormal cells (or cell constituents), produced 
either during the initial injury or in the subsequent recovery phase, 
into organs which histologically appear to have returned to normal 
could be most harmful. The development of radiation cataracts 
may be traced to the deposition of fibres by cells which were killed 
by radiation. Imperfect removal of the debris interfered with normal 
replacement. Even the induction of tumours could arise in this way 
since Oppenheimer ct al. (34) have shown that the subcutaneous 
implantation of any foreign substance, so long as it is in the form of 
a flexible and impermeable film, ynW produce tumours. The possi- 
bility of chemical carcinogensis has been excluded in these experi- 
ments and the effect must be due to some ph)^ical factor, such as 
perhaps hypoxia next to the film. It seems possible that radiation 
injuries might be followed by the deposition of some membranc- 
likc structure which would then induce tumours in the same way 
as polymer films. 

The preferential destruction of stem cells may produce an 
imbalance in rapidly dividing tissue which may not become appar- 
ent for a considerable time. Thus after radiation the exact time 
cycle which regulates the release of cells from bone-marrow may be 
permanently impaired. Granulocytes, which can be recognised his- 
tologically as immature, arc present in the blood stream for some 
weeks .after irradiation and this showN that at a time when the bone- 
marrow had become rcpopul.Ucd and looked app.ircntiy normal, it 
was not functioning quite normalI>. Some such defect may persist 
and it would not be recognised anatomically if the extent of matu- 
ration was only slightly effected. Yet the biochemical changes might 
he vety great and reduce the resistance of the .animal. 

So far vciy little attention has been given to the damage done 
by nidiation to capilf.iries and blood \csscls. Increased fragility has 
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the symptoms of senility to appear prematurely. Although the data 
available is fragmentary’ and not very compclJmg it docs suggest 
that the arlificiaHy induced ageing bears a close similarity to the 
spontaneous process. Studies svjtJi irradiated animals may assist in 
obtaining an understanding of the fundamental biologically changes 
of senescence. The very long period required for each c.\pcrimcnt 
makes it very dinicult to study the influence of di/Tcrent factors on 
normal life-span and the use of ionizing radiations may make it 
possible to carry out experiments which will provide similar infor- 
mation but more quickly. After an irradiation in which the whole 
body has been exposed there is widespread cellular damage but 
repair and restitution is rapid and in general no injuries can be seen 
by the techniques so far cmploy(>d some two months later in the 
ease of small mammals. Yet some hidden injury remains permanent- 
ly and can be measured by a reduction In radio sensitivity. The re- 
duction in life span of irradiated animals can probably be identifled 
with this residual damage. 

Consequently by measuring residual damage, which can be 
done relatively simply from the changes in LD 50, the influcnceof 
diiTcrent factors on radiation-induced ageing can be quantitatively 
assessed. Experiments arc suggested by which information about the 
nature of the residual damage and its site might be obtained. In 
view of the general similarities such knowledge may be of direct 
value in determining the physiological and anatomical changes 
which gis’C rise to senescence. From the background of research into 
radioblolog)’ the possible ways by which irreparable damage could 
arise arc reviewed and compared with changes seen in normal ageing. 
By using the large and rapidly increasing s-olume of research into 
the long-term effects ofiomzing radiation c.\perimcnlal gerontology' 
may benefit greatly. 


J^asammenfasmng 

Einc Spatwjrkung dcr tonmerenden Sfrahlung aut den Korper kt die Vemunde- 
rung tier Lebensdauer, D*c kwtmogMw: W'lfkung solcher Sirahlung kann abw nur ejnen 
kleincn Tut der Zunahme der Absterbegcicttviindigkcit erkJarm. Ber VerJauf d« 
Todes bci einer bestrahltrn Gruppe von Wnuchitieren kann am beslcn ab beschlcu- 
nigtn Aticm charaktcristen werden* Die Strahlung hat tin zu frubes Auftreten der 
Symptome der ScniliUt vcnwsachi. Tro»*d«n die *ur Verrugung stehenden Daien noth 
fragmeniarisch «nd nichl Jrfjr zv*w»gend sind, sprechen sie doch dafur, daO cine veit- 
gebende Ahnlichkeit mil dem spontaneo Altemsprozcfi besteht. Unlenuchungen rail 
bestrahltcnTieren konnen dohaib bendtet Vkctden.um die fundamentaJen biologischen 
Veranderungen des Ahertw *o ventehen. W'ahrcnd »omt «^e langc Dau« der Verswchc 
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ment normal. La girontologJc aep^rimentafe a bcaucoup i attendre dc* rechcreba, 
chaque jour plus nombreusw, conuerto aux consequence* lomtain« dc I'acifon dcs 
radiations ionisanto sur TorganSsme. 
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Effect of Oxygen on Inactivation of Trypsin by the Direct 
Action of Electrons and Alpha-Particles' 

P. ALEXANDER 

Chealer Beatty lieaearek Inatitute, Iriatitule of Cancer Research, Royal Cancer Hospital, London, 
England 


INTKODUCTION 

There is abundant evidence that chemical changes produced by the free radi- 
cals formed when water is irradiated with radiations of low specific ionization are 
often different in the presence of dissolved oxygen from those produced in its 
absence. Although there are a number of possibilities for oxygen to take part in 
these reactions, the view is widely held that one of the most important factors is 
the formation of HO* radicals (sec Gray, /, and Alexander, S). Changes which 
follow' on absorption of energy within the molecule which is being studied— di- 
rect action — were believed not to be Influenced by the presence of external factors, 
and when an oxygen effect was found in a biological system indirect action was 
said to be predominant. Experiments with synthetic high polymers had shown that 
direct action could bo influenced by outside factors (S); for example, protection by 
added substances was showm to occur by energy transfer (4), and the over-all 
yield to increase with increasing temperature (6). Similarly, oxygen was found to 
influence profoundly some of the changes which occur when many proteins (6) 
and polymers (3, 7) are irradiated, and the most striking effect ivas to induce 
breakage of mainchains in polymers which crosslink in its absence. All these ex- 
periments suggest caution in interpreting the existence of an oxygen effect as proof 
for indirect action in biological systems. 

The possibility remains, however, that although oxygen may influence the 
eventual chemical change it does not affect the total number of molecules which 
have been damaged by direct action in such a way as to lose their biological ac- 
tivity, and an effect of oxygen on loss of biological activity as a result of direct 

1 This work has been supported by grants to the Chester Beatty Research Institute (Insti- 
tute of Cancer Research, Royal Cancer Hospital) from the British Empire Cancer Campaign, 
the Jane Coffins Childs Memorial Fund for Medical Research, the Anna Fuller Fund, and the 
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Effect of Oxygen on Inactivation of Trypsin by the Direct 
Action of Electrons and Alpha-Particles’ 

P. ALEXANDER 

Chtiter Beati]! Research Insiitule, Institute of Cancer Research, Royal Cancer Hospital, London, 
England 


INTRODUCTION 

There is abundant evidence that chemical changes produced by the free radi- 
cals formed when water is irradiated with radiations of low specific ionization are 
often different in the presence of dissolved oxygen from those produced in its 
absence. Although there arc a number of possibilities for oxygen to take part in 
these reactions, the view is widely held that one of the most important factors is 
the formation of HO 2 radicab (see Gray, 1, and Alexander, 2). Changes which 
follow on absorption of cnci^ within the molecule which is being studied— di- 
rect action — were believed not to be influenced by the presence of external factors, 
and when an oxygon effect was found in a biological system indirect action was 
said to be predominant. Experiments with synthetic high polymers had shown that 
direct action could be influenced by outside factors (S) ; for example, protection by 
added substances was shown to occur by energy transfer ( 4 ), and the over-all 
yield to increase with increasing temperature (5). Similarly, oxygen was found to 
influence profoundly some of the changes which occur when many proteins (6) 
and polymers (5, 7) are irradiated, and the most striking effect was to induce 
breakage of mainchains in polymers which crosslink in its absence. All these ex- 
periments suggest caution in interpreting the existence of an oxygen effect as proof 
for indirect action in biological systems. 

The possibility remains, however, that although oxygen may influence the 
eventual chemical change it does not affect the total number of molecules which 
have been damaged by direct action in such a way as to lose their biological ac- 
tivity, and an effect of oxygen on loss of biological activity as a result of direct 
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action must be demonstrated before it can be dismissed as a decisive test for in- 
direct action. Also in radiobiology an oxygen effect is most marked with sparsely 
ionizing radiations, and on the basis of radical mteraclion the failure to observe an 
oxygen effect with, for example, a-rays from polonium or radon is readily under- 
stood when the action is indirect. It remains to be shown that the direct action of 
densely ionizing radiations is influenced less by oxygen than that of sparsely ion- 
izing radiations. To test both these points the inactivation of solid trypsin by 
2-Mev e!c<’trons, 7 -rays from Go*“, and a-rays from polonium was studied in the 
absence and presence of oxygen. 

BXPKRlMUNTAb moCEDURE 

Crystallized trypsin having an activity of 2740 units/mg was obtained from 
Messrs. Armour I.aboratories Ltd. and used directly without further purification. 
The moisture content of our samples was betxr'ccn 4 and 6%, and the material was 
irradiated as such, since trial experiments had shown that intensive drying under 
vacuum did not measurably influence the radiosensitivity. 

From 50 to 100 mg of the protein was irradiated in glass tubes sealed under air 
or vacuum. The protein was spread out as a thin film along the length of the tube 
so as to facilitate access of oxygon during the irradiation with cither 2*Mcv electrons 
from a Van de Graaff generator or 7 -ray 8 from Co*®. In the electron irradiations the 
samples were passed repeatedly through the beam in such a way that at each pr ss, 
which lasted approximately 1 second, 10* rads was deposited; an intcrx’al of several 
minutes was allowed to elapse between passes so as to avoid healing the specimen. 
The 7 -iiTadiation were carried out in a 400-c source at a dose rate of 1 100 rads/min. 
Ferrous sulfate was used for dosimoto'. a G value of 160 being chosen. There is no 
detectable effect due to reaction of the protein with ozone formed by irradiation of 
air surrounding the specimen, since exactly the same inactivation was obtained 
when samples ranging from 5 to 100 mg of protein were irradiated in lubes of the 
same size. Also, if ozone produced in this way played a part, this effect would be 
particularly pronounced when thin layers are exposed to a-roys from a polonium 
source 0.0 cm away, yet under these conditions there is no oxygen effect. 

Tlie irradiation with a-rays was carried out with an external source of 100 me 
of polonium electroplated on a platinum disk. The polonium was deposited as a 
circle of radius 0.8 cm and covered with a mica window. The source was supplied 
by the Radiochemical Centre, Amersham. The dose delivered to a thin film was 
determined by measunng the difference Ixjtwccn the amount of ferrous sulfate 
oxidized when the solution was irradiated directly ond when covered by polymer 
film ranging from C to 20 #i. The difference between the two values represented the 
cnerg>' retained in the film. The G value used for the a-particlcs from polonium 
wa.s 5.9 and was based on the mcnsurcmcnt.s of Miller and Wilkinson (<?), For 
irradiation thin film-s of tr^'psin were prepared by evaporation of an aqucoiw solu- 
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lion o» a microscope cover slip and placed under the a-partic!c source for different 
times. l''or irradiation in the absence of oxygen, carefully purified nitrogen was 
blown through the irradiation unit both before and during the exposure. The dose 
rate was of the order of 2.5 X 10* rads/mtn but varied slightly from experiment to 
experiment, since the activity of the source decreased during the experiments be- 
cause the halMifc of polonium is only W7 days. 

The activity of the irradiaterl eniymes was determined colorimetrically mth 
casein as a substrate, by the method of Anson (9). Each sample was as^yed in 
duplicate runs at three concentrations and compared with an unirradiated control 
in the same experiment. The rcptoducibiUty between independent experiments was 
±5% except when the activity was reduced to less than 30%, when the errors 
became greater. The irradiated samples remained completely soluble, and in this 
respect trypsin behaves entirely differently from scrum albumin which is rendered 
insoluble fit the isolectric point with doses greater than 8 X 10* rads (9, 10). 



Dose in Megarads 

Fio. I . Relationship between loss of activity and radiation dose for solid trypsin irradiated 
in air and under vacuum. X “ 2-Mev electrons in air; O » 2-Mev electrons in vacuo; ® “ 
Co'® 7-rays in wr; • « Co” y-r&ys in caeuo. 
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action must be demonstrated before it can be dismijsscd as a decisive test for in- 
direct action. Also in radiobiology an oxy^n effect is most marked with sparsely 
ionizing radiations, and on the basis of radical interaction the failure to observe an 
oxygen effect with, for eicatuple, a-rays from polonium or radon is readily under- 
stood when the action is indirect. It remains to be shoivn that the direct action of 
densely ionizing radiations is influenced less by oxy^n than that of sparsely ion- 
izing radiations. To test both these points the inactivation of solid trypsin by 
2-Mev electrons, 7-rays from Co”, and a-rays from polonium was studied in the 
alisence and presence of oxygen. 

EXI’KUIMEN’TAb PROCEDURE 

Crystallized trypsin having an activity of 2740 units/mg was obtained from 
Messrs, Armour Laboratories Ltd. and used directly without further purification. 
The moisturo content of our samples was beUveen 4 and 6%, and the material was 
irradiated as such, since trial experiments had shown that intensive drying under 
vacuum did not measurably influence the radiosensitivity. 

From 50 to 100 mg of the protein was irradiated in glass tubes scaled under air 
or vacuum. The protein was spread out as a thin film along the length of the tube 
so as to facilitate access of oxygen during the irradiation with cither 2'Mcv electrons 
from a Van de Graaff generator or Y-rnys from Co”. In the electron irradiations the 
samples were passed repeatedly through the beam in such a way that at each pr a, 
which lasted approximately 1 second, 10* rads was deposited; an interval of several 
minutes \va.s allowed to elapse between passes so as to avoid heating the specimen. 
The 7-irradiation were carried out m a 400-c source at a dose rate of 1 100 rads/min. 
Ferrous sulfate was used for dosimetiy, a G value of IC.O being chosen. There is no 
delectable effect due to reaction of the protein iviih ozono lormt^d by irradiation of 
air surrounding the specimen, since exactly the same inactivation was obtained 
when samples ranging from 5 to 100 mg of protein were irradiated in tubes of the 
same size. Also, if ozone produced in this way played a part, this effect would bo 
parliuularly pronounced when thin layers are exposed to a-rays from a polonium 
source 0 0 cm away, yet under these conditions there is no oxygen effect. 

Tlie irradiation with a-niys was carried out with an external source of 100 me 
of polonium electroplated on a platinum disk. The polonium was deposited as a 
circle of radius 08 cm and covered with a mica window. The source was supplied 
by the Itadiochomical Centre, Amersham. The dose delivered to a thin film was 
determined by measuring the difference between the amount of ferrous sulfate 
oxidized when the solution was irradiated directly and when covered bj' polymer 
film ranging from G to 20 The difference between the two values represented the 
cnorgji' retained in the film. The G value used for the a-particles from polonium 
was 5.0 and was based on the measurements of Miller and Wilkinson (8). For 
irradiation thin films of Irj'psin were prepared by evaporation of an aqueous solu- 
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recently by Alpcr and Howaid-Flandcra C/2). Simply as an illusirallon, the tao 
processes raiffht be formulated as foUovvg: 

— CH-co-NH— 

I 

K 


irrafliati on 

reversible in 
absence of 
oxj'jjen 


DecompoicJ 

Our experimental observation that peroxide-Hke free radicals are produced when 
dry serum albumin is irradiated (6) might be considered as support of this hy- 
pothesis were it not that there is no perceptible after-effect in the inactivation of 
tO'psin. The activity is the same when measured nithin hours of the irradiation 
as after several days. On this mechanism the peroxide formed would have to de- 
compose within an hour. The peroxides found in serum albumin, how-ever, are re- 
markable for their stability. Also, a mechanism of thistypehas beenshon-ntooccur 

in polymers (5), but here the free radicals interact with .one another to form cross- 
links in the absence of oxygen and do not reconstitute. 

The alternative mechanism involves the formation of Oj“ radicals. The low- 
energy secondary electrons which accompany the positive ion, which are formed 
immediately the protein is irradiated, arc captured by the molecule or group in a 
molecule which has the highest affinity for electrons. Although accurate data are 
not available for electron affinity of organic materials, it is known that the value 
for oxygen is extremely high, and there is endence that 0*" radicals are formed when 
polyethylene is irradiated in air (7)- The Oj~ radical is very reactive and may well 
inactivate the protein molecule. In the absence of o.xygen the secondary electron 
would be captured by the protein with the formation of a negative ion but this 
need not produce any far-reaching chemical changes of the kind that are bound to 
occur when a positive ion is formed. 

At present it is impossible to distingui^ decisively between the two possibilities, 


Peptide chain 


-CH-CO-NH- 


-C = CO + NHr 


Ilupture of main chain 
producing immediate 
inactivation 

~C— CO-NH— -f H' 

R 

I Free radical 

i +0, 
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( 2 ) 


-C— CONH- 
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RESULTS AND DISCUSSION 

The effect of oxygen. Figure 1 shows that there is an accurate exponential re- 
lationship between radiation dose and loss of activity, and this indicates that 
inactivation of the enzyme molecule requires a single reaction only. There is, how- 
ever, a marked influence of oxygen which reduces the inactivation dose by 30% 
wthout affecting the exponential relationship. On the other hand, for irradiations 
with a-particles there is no detectable oxygen effect and there is again an accurate 
linear relationship between dose and percentage inactivation (see Fig. 2). 

There would appear to be two ways by which oxygen can enhance enzyme in- 
activation by direct action (i.e., when free radicles formed in water are not involved) . 
For the first mechanism one would have to assume that radiation produces two 
types of chemical change in the protein, only one of which brings with it immediate 
inactivation. The other is only potentially capable of inactivating the molecule 
after combination with oxygen. This second reaction could be the formation of a 
fairly unreactive free radical which in the absence of oxygen reverts back to its 
original state wthout causing any inactivation. In the presence of oxygen it reacts 
to a peroxide which, is inherently unstable and decomposes spontaneously in such a 
way as to bring about inactivation. The possibility that the oxygen effect tn vivo 
might occur in this way was first suggested by Bacq and Alexander (II) and more 



Iio 2. InuUvstion of solid tr>'P^l'ih>’a>parUc)c5 from polonium O innir; 
X •• undrr nitroxcn. 
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since energy transfer processes occur both between and within molecules in the 
solid state (3, 4). Also, direct analytical data have shown that the number of cheni' 
ical reactions occurring in organic substances cannot be correlated with the number 
of so-called "primary'* ionizations. I'or example, in polyisobutylcne (5) one inter- 
ruption in the main chain occurs at random for everj' 10-ev set of energy taken up 
by the system, although according to the taigct theory 100 ev would be assumed to 
be necessary. In fact, earlier work by bca et af, (f3), which has recently been con- 
firmed by Decring (/?■), had shown that the target thcorj' — the value of 100 ev 
per "primary ionization" for the inactivaliorr of the small enzyme ribonudease— 
gave a value for the molecular weight which difTered from that established unam- 
biguously by analytical methods (/S) by more than 100%. Biochemical consider- 
ations also indicate that one event anjnvhere within the molecule ia unlikely to 
bring about inactivation every time since there is convincing evidence that many 
of the side chains of the protein can be severely oifered without io« of activity. 
The target size should iliereforc be smaller than the molecular size, yet the opposite 
ia found in these expenmonta. The existence of energy transfer processes, and other 
reactions such as the oxygen effect, when solids arc irradiated, make it impossible 
to adopt the purely statistical approach inherent in the target theory for the cal- 
culation of sensitive vohjme. But probably these factors arc most serious when the 
sensitive volume is relatively small as in the ease of trypsin, and for much larger 
structures such os viruses the values deduced from target calculations will be 
more informative. 


SUMMAHY 

1. The radiation dose mimrcd to inactivate solid trypsin trith 2-lVfev electron 
and Co” -y-rays is 30% greater in the absence than in the presence of ox>’gen. No 
oiygen effect is found for a-irradiations, 

2. Possible mechanisms for an oxygen effect when the action is direct arc dis- 
cussed. The existence of an oxygen effect in an in ti'co system cannot be used as a 
test to establish that the radiation acts predominantly through the indirect action 
of free radicals formed in water. 

3. The sonsith'e volume for trypsin calculated from conventional target theory 
is much greater than the molecular size, and the value obtained depends on the 
condition of the irradiation. 

4. The limitation of the target theory for determining the size of relativeb* 
small molecules arc discussed in the light of recent radiochemical experiments, 
and reasons are advanced why it docs not apply to Bmall enzymes. 
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but these experiments serve to emphasize that even when the action is direct there 
is a pronounced oxygen effect for the inactivation of enzymes by sparsely ionizing 
radiations and that this behavior is not necessarily characteristic for indirect action. 

The absence of an oxygen effect uith 'et-irradiation would be expected in either of 
the two mechanisms discussed, since in the vicinity of the a-track the number of 
ionizations is so great that the proportion of molecules inactivated cannot be in- 
creased by the introduction of additional processes so long as these occur within 
the range of the 8-rays from the track. 

“Target size." According to the theoretical treatment developed by Lea (13) 
and also used by Pollard ei al. (lA) fuf computing target size from radiation data, 
an enzyme is inactivated every time a primary ionization occurs within its sensitive 
volume. From Wilson cloud chamber photographs and other data it is known that 
in gases ionizatmn occurs in clusters \rith an average size of three ion pairs. Since 
each ion pair rctiuires an expenditure of energy of between 30 and 35 ev, one primary 
ionization (i.e., a cluster of three ion pairs) occurs for every 100 ev of energj' de- 
posited in the gas by the irradiation. Lea, having no evidence to the contrary, used 
this value also for primary ionization in solids for which this information cannot be 
obtained experimentally. With this assumption it is possible to calculate a target 
volume from the radiation dose required lo produce a given loss of activity. The 
whole basis of such a calculation depends on the assumption that inactivation follows 
immediately on the primary ionization and that it cannot be influenced by external 
factors. This concept is difficult to reconcile with an o.xj'gen effect such as described 
in this paper. Pollard et al. (U) had reported experiments on the inactivation of 
dry trypsin, but these were confined entirely to irradiation tn racuo. They ob- 
tained within experimental error the same value for the “target size” and the 
molecular weight of trypsin os determined by physicochemical methods. The data 
in this paper do not bear out the agreement found by Pollard et al. (/4); the “target 
size” calculated (according to the associated volume method of Lea, IS) from the 
inactivation data shown in Figs I and 2 are listed in Table I. 

There is clearly no close quantitative relationship between “target size” and 
molecular dimensions. This is in accord with radiochemical experiments which 
suggest that molecular weights cannot be obtained from so-called target-size data. 


TABLE I 

“Target Sue” for Trtpsiv for Different Irradiations 


IrraJmun 


Utlfcular rtxfkl fttm 
larjn tktory 

2 Mev and 7-raya in vacuo 

IS 4 X 10* rads 

4 2 X 10* ’ 

2 Mev and vrays in air 

USX 10* rads 

6 6 X 10* 

a-rays (nitrogen and sir) 

2S X 10* rads 

9 0 X 10* 

Molecular eight by phyeicochemicsl methods {IS) 

- 2.3 X 10* 


• D«xe required to reduce the activity to 37% of that before irradiation 


X 
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Effect of X-Rays and T-Rays on Synthetic Polymers 
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INTRODUCTION 

In recent years, considerable research has been devoted to the changes 
produced in polymers when those are irradiated in the solid state. The 
major effects observed can be ascribed to tJie formation of crosslinks or to 
the fracture of the main chain, depending on the particular polymer 
studied. ‘ Other changes of a less striking character, such as differences in 
uiisaturotion and fracture of side chains, are also found.* 

A separate set of investigations irttended for tlie interpretation of radio- 
bioiogica! phenomena has been carried out on ilie irradiation of aqueous 
solutions of long clmin polymers.* In this case, llie changes produced in 
the polymer can be of a more complex character and may result either from 
direct action where the energy from the incident radiation is captured 
directly by the polymer molecule or from indirect action where the energy 
captured by the water molecules causes chemical changes in these molecules 
and the products formed subsequently react with and modify the polymer 
molecules. Tlie amount of energy taken up on exposure to ionizing radia- 
tion (such as fast electrons, x-rays, or gamma rays) depends almost en- 
tirely on the mass of the irradiated material and is practically independent 
of its chemical composition. In irradiated polymer solutions the solute and 
tile water therefore absorb approximately equal amounts of energy on a 
weight basis and the fraction of the total absorbed energy which is taken up 
by the polymer directly is proportional to its concentration. Thus the 
average energy absorbed directly per polymer molecule is independent of 
concentration. Tins is not true for the indirecl effect. 

Distinction between direct and indirect is important in radiobiological 
studies and several metliods may help to differentiate between these two 
proc^es, although their interpretation may not be conclusive. Additives 
or protectors added to the solution may react with the radiation products of 
the water and thereby protect the polymer molecule against the indirect 
effect, although protection can also occur in cases in which the action has 
been direct/ The deceive test is the inffueuce of concentration. UTiere 
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dialyzed agamsl distilled water till free from monomer. Alternatively 
0.015% persulfate and 1.5% isopropyl alcohol were added to the 10% 
solution, which was then deoxygenatcd and raised to 60®C. for two hours. 
Residual monomer and catalyst -were removed by dialysis. Polymelh- 
acrylic acid set to a gel after irradiation and this was dissolved in alcohol and 
then dialyzed against water. 

Polystyrene sulfonate was prepared by treatment of polystyrene with a 
mixture of concentrated and fuming sulfuric acid. Smnplw of polyvinyl 
and of polyvinyl pyrrolidone were Icin^y provided by hlessrs. I.C.I. and 
May & Baker. Analysis of the polyvinyl alcohol obtained from I.C.I. 
failed to reveal the presence of any acetyl groups. The molecular weiglit as 
determined by light scattering was found to be 1.29 X 10* but increased on 
standing due to aggregation.* 

Viscosity Determination 

The polymers obtained by x-irradiaUon and the polystyrene sulfonate 
were of high molecular weight and their solutions were markedly non- 
Newtonian. Their viscosities were determined at 20*0. in a Oatbed viscom- 
eteri at a number of shear rates. Values reported refer to a shear rate (<S) 
of SO sec.”'* at one concentration since extrapolation lo zero concentration is 
very difiicult under these conditions.’ The polymers prepared with the 
catalyst were often of lower molecular weight and their intrinsic viscosities 
{ijJ expressed in g./lOO ml. were obtained from measurements at a number 
of concentrations in on Ubbelohde viscometer at 25®C. The changes in 
viscosity referred to below arc expressed in percentages ast 

{viscosity before irradiation) — (viscosity after irradiation) ^ 
viscosity before irradiation 

Changes in the weight-average molecular weight of polyroethociylic acid 
after irradiation were determined by Dr. K. A. Stacey by light scattering as 
described earlier.* 

Irradiation Teelimque 

For low doses 140 kv. x-rays filtered by copper were employed and for 
iiigher doses the y-rays from a 400 curie cobalt 60 source in a position where 
the dose rate was 1000 r./min. Solutions were freed from oxygen by pro- 
longed bubbling of nitrogen which had been carefully freed from oxygen by 
passing over red bot copper and tlirough a solution of sodium hydrosulfite 
and anthraquinone sulfonate. 

The yield of radiochemical reactions is expressed as the number of re- 
actions occurring for every 100 e.v. of energy deposited in the system by the 
radiations. This is known as the G value; it does not imply that the 100 
e.v. is used exclusively in the reaction referred to. For example, when 
irradiating a polymer, there will be one G value for each type of change in 
the main chain, and one for the formation of each of the different gases 
evolved. 
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the radiation effect is direct, i.c., where the energy is initially taken up by the 
polymer molecules, there should be no change with concentration. (There 
may be an increased efficiency of crosslinking at higher concentrations, as 
the polymer molecules are closer together.) If the effect is indirect, the 
higher concentration of polymer will be less affected by a given radiation 
dose, there being mote polymer molecules competing for the activated 
water products. The purpose of this work was to study the effect of poly- 
mer concentration on the changes produced by radiation and hence to 
derive information on the mechanism of direct and indirect action. 

Radiolysis of Water 

In its passage through matter, ionizing radihtion (e.g., fast electrons, 
x-rays and 7 -rays, fast protons) produces ionized and excited atoms and 
free electrons. These products may then interact with one another and 
with neighboring molecules to produce free radicals and initiate chemical 
changes. These effects have been determined in detail in only a few 
cases, since the mechanism is understood only in general terms and it is not 
possible to predict the products of radiolysis except perhaps within a closely 
related series of organic compounds. 

By far the greatest amount of research has been done on aqueous systems 
and chemical changes produced on irradiating water are reasonably well 
understood, although many points of detail remain to be elucidated.* In 
the absence of oxygen, water is decomposed into OH and probably H 
radicals (although there is no direct evidence for the formation of the latter), 
hydrogen gas and hydrogen peroxide also being formed. These molecular 
products can interact >Tilh the radicals to re-form water; consequently, 
the concentration of H* and HjOt produced is affected by the presence of 
dissolved substances which can act as scavengers for the radicals. In pure 
(i.c., oxygen-free) water where all the radicals arc avaUable for reaction with 
the molecular products, the equilibrium concentration of H* and HtO* 
produced by x-rays is too low to be detected. The distribution of the radi- 
cals formed will depend on their concentration and relative rales of diffu- 
sion and with densely iotuzing radiation such ns o-parliclcs molecular 
products may build up even in pure water. Hydrogen atoms react very 
rapidly Nsith oxygen to give HOj radicals, which can then react with the 
solute. Consequently, radiochemical reactions are frequently entirely 
different in aerobic than in anaerobic conditions. 

EXPERIMENTAL 
Preparation of Polymers 

Samples of acrylic acid, melhacrylic acid, and acrylamide were poly- 
merized in aqueous solution by irradiation with 140 kv. x-rays or by using 
per sulfate as ft catalyst. A 10% solution of monomer was completely 
deoxygenated (sec below) and irraffiated with a dose of 10* r. at 324 r./min. 
Immediately after tlie irradiation, air was admitted and the solution 
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ucr) lie uciiL swtlutuiii. ionirfd. x>ray hrndisUon, molecular 

weight tliajiges ff«»ra Ilglii acaUerlng. (The number of main chain 
fructurea ia expressed as the numl<r necessary to reduce a polymer 
of infinite weight to one having the used in the reciprocal on 
the left axis.) 

frnclurc of the main chain, rather than to linking between monomers irj the 
molecule resulting in a smaller swept volume, some absolute determinations 
using light scattering were carried out. 20 ml. of a 0.355% solution of 
polymethacrylic acid (60% neutralized) was irradiated with 140 k.Y. x-rays 
and the molecular weight determined by light scattering. This was carried 
out at a number of different doses and the results plotted in Figure I. 
Thrae determinations give the weight-average molecular weights; for a 
random molecular weiglil distribution there ore twice the number averages, 
which are inversely proportional to the number of chain fractures. Figure 
1 shows that the reciprocal weight-average molecular weight, and hence 
the number of main chain fractures,’ increases linearly \rith radiation dose. 
The G value for main chain fracture deduced from this plot is 1.7, in good 
agreement with the value (1.6) obtained by Alexander and Fox* using 
viscosity measurements. 

In the absence of oxygen, very little degradation is observed (see Table I) 
except when the doses are so high that sufficient hydrogen peroxide is pro- 
duced os a “molecular product” to be equivalent to the amount of oxygen 
dissolved in aerated solutions. The accumulation of hydrogen peroxide 
makes it very difficult to maintain truly oxygen-free conditions when 
relatively high doses have to be used, and for this reason we have preferred 
to study high molecular weight polymers which show significant changes at 
low doses when the quantity of hydrogen peroxide produced can be neg- 
lected. 
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Gel Formation 

After irradiation, many polymers become crosslinked into a gel structure 
which is swollen in the initial solvent. The transformation from a viscous 
fluid to a lightly crosslinked gel can be determined by visual inspection of 
the irradiated specimens. 

BEHAVIOR OF DILUTE SOLUTIONS ' 
Degradation of Polymethacrylic Acid 

The first system to be studied was polymethacrylic acid* in the concen- 
tration range 0.01 to 0.1%, when it could be assumed that the changes 
observed would be due entirely to indirect action. The effect of x-rays 
was to degrade the molecule (i.e., to reduce the average molecular weight by 
main chain fracture). In comparative experiments the degradation could 
be conveniently followed by determining the decrease in viscosity after 
irradiation measured at a standard concentration. The magnitude of the 
effect observed depends on the concentration and initial molecular weight 
of polymer as well as on the radiation doses.*-* 

Some results for a series of polymethacrylic acid solutions irradiated at 
various dilute concentrations and for varying doses are shown in Table I. 


TABLE I 

Degradation of Poi.yiiIETiiacryuc Acid by X-Rays 
(Initial Mu - 2.1 X 10») 


Cnnceatfition 

loalittioa 

(o)* 

CoBdilKtn 

Dote 

Deceeote 

vftcMity 

(%)k 

0 

0 0 

In air 

1000 r. 

45 



InN, 

•• 

4 


0 fi 

In air 

•* 

67 

0 03% 


In air 

2000 r. 

62 

0.1% 


la air 

4000 r. 

6t 

0 025% 


InNt 

1000 r. 

3 



InN. 

10* r. 

16 



In N, 

10* r. 

83 

• |l.a Ja 

«-aa/.r •* 

. 

— COOH groups neutralizad by 

* \ 



tioo IS 7.1. 


• ;• 



5% polymethacrylic acid; a » 


The doses and concentrations are so low that only indirect action can 
play any part in the observed changes. In the prestnev of air, the radiation 
dose needed to produce a given decrease in viscosity (t.e., the same number 
of main chain fractures per molecule) is directly proportional to concentra- 
tion. In other words, a given radiation dose will produce the same total 
number of main cimin fractures in the polymer molecules independent of the 
concentration of these molecules over the range considered. This be- 
havior is typical of the indirect effect. 

To confirm that the observed decreases in viscosity ore in fact due to a 



ftoeUif 

of 


using I'B y.Q lu 

“"t al l •’’ 

These lai «■ 

random 

,vhicl>a« ,eo',\ 

1 a''"'” ter of mom A- 

innno , \ 

TlieG'f®'" ,iih the vo\ 

jgrceme" „rememo- 

vlscosdJ j oiysr”- 

I" "■'I the doses »m , 

ewepl leculorpro'; 

duced 05 a " ^ted sofom 

dissolved m ifficoll to 

mokes d ^ doses hove «> ■ 

reiativelV hY Vculor «C|j,h. 

lostudv'nS ^rtaanftV 
low doses vrhe. 

lected. 




I 


( 308 ) 



360 


P. ALEXANDER AND A. CHAULESBY 


Since oxygen must be present for degradation polymetliacrylic acid, we 
were led to the conclusion that the main chains were broken by HOj radicals 
and that H and OH were ineffective for this purpose. An alternative 
mecljanism, in which oxygen is required for production on the polymer of 
peroxides which subsequently decompile with main chain breakdown, was 
rejected in the case of polymethacrylic acid.*'* Wall and Magat’* found 
oxygen to be necessary for the degradation of polymethyl methacrydate and 
polystyrene when dissolved in chloroform and the mechanism probably 
differs from that in aqueous solutions since HO* radicals cannot be formed. 

When, more recently, we repeated these earlier experiments with poly- 
melhacrylic acid, only small differences between deoxygenated and aerated 
solutions were found; degradation was observed in completely oxygen free 
solutions (see Table II). This unexpected beljavior was traced to a small 
change in the method of preparation of the polymer. After x-ray polymer- 
ization in 10% solution, the polymethacrylic acid sets to a gel*, in the 
earlier ex^periments, this gel was stirred in water kept at 7O-B0®C. until it 
dissolved, a process taking several days. In the later experiments, the gel 
was dissolved rapidly at room temperature in ethyl alcohol, which was re- 
moved by dialysis. We found** Uiat during Uie polymerization with x-rays 
peroxide groups were introduced into the polymer although the solution 
was quite free from oxygen. Heating of the polymer destroys the peroxide 
groups and makes the polymer resistant to irradiation in the absence 
of oxygen (see Table II) . It would appear tliat the peroxide groups repre- 
sent points of weakness at which rupture of the main chain can be produced 
by OH or H radicals in the absence of dissolved oxygen. 

TABLE H 


OxvGEN Effect in Degraoxtion of Polvmbthacryuc Acm befobe 

AND AFTER HeaTING TO REMOVE PeBOXIDE GbOUPS 
(IrradiaUd at 0.025% concentration, 60% ionued. and irradiated with 1000 r.) 

Oecreue 

. aadj«lioa vuo^ty 

Treatment of polymer ooodition 

None Air 63 

N» 40 9 

0.1% Boht. healed under air at 9(!*C. for 4B hrs. Air S8 

N» 10 5 

0.1%»oln. hMted/ntti<ruoal90*C for48lirs. Air 54 3 

Ni 5.7 

• Aa in Table I. 


Degriidation of PoljactyHc Acid, Polyocryloniidc. Polystyrene Siil- 
fonnlcs, PoIyvinylpjTrolidonc, and Polyvinyl Alcohol 

Preliminary eiperimenU' indicated tliot oilier wolcivsoluble vinyl poly- 
mers, such as polyacrylic odd, were degroded in dilute solutions. An 
inorganic polymer sodium polyphospliatc: 
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the ionized form) is not degraded by radifttioii; in oerated solutions die 
acid form is somewhat more resistant to radiation. Likewise ionized 
polyocrylic acid does not degrade in the absence of oxygen. Unionized 
polyacrylic acid, however, does degrade at nearly the same rate as in air 
(Table III, Fig. 2). 

Polyacrylamide behaves like polyacrylic acid in unionized form— it 
degrades significantly in the absence of oxygen although less than in air. 
The results for two samples of different molecular weight arc shown in 
Table IV. The higlicr molecular weight samples show significant changes 
in viscosity at much lower radiation doses (see Fig. 3). This difierence Is 
not due to any inlicrcul change in sensitivity but arises from the fact that 
tlie some number of main chain fractures in a given weight of polymer 
produces a greater relative change in molecular weight in a high molecular 
weiglit material. 

Polystyrene sulfonate shows no oxygen clTecl at ail being etjually readily 
degraded in aerated solution or under nitrogen (sec Table V). 


TABLE V 

Degradation op Poi.ystyri:ne Sulfonatk ry X'IUys 


C^ncentrtUon 

Gomfilion 

Dm* 

Vlfcodly 
df'crfMT* (ft) 

0 015% 

A«f 

1000 r. 

4i.7 


N, 

“ 

i3 6 


Air 

200 r. 

57 3 


N, 

’* 

5( 8 


• Measured at 0 013*% ooiioetitration mi Ubbetobde visobmeter. Specific viscosity, be* 
fore irrediflUon 1.15. In the absence of added wit, noestrapolallon loe • 0 is possible 
because of the polyelectrolyte nature of the solution. 

The position with regard to polyvinyl alcohol and polyvinylpyrrolidone 
is less clear. When irradiated in 0.1% solution, the viscosity of both poly- 
mers is decreased more in the presence than in the absence of oxygen. The 
molecular weights of the polymers studied were however low (light scatter- 
ing gave 1.3 X 10* for the sample of polyvinyl alcohol used.® To produce 
measurable changes in each molecule, correspondingly higli doses of 
radiation were necessary which introduced" the complication of hydrogen 
peroxide formation. In any cose, with these polymers, it is difficult to 
relate viscMity to molecular weight since they oggregate in solution.* 

These experiments sbmv that all the vinyl polymers examined when 
irradiated in dilute solution suffer main chain fracture and consequent deg- 
radation; the breaking of the C — C bond must be the result of reaction, 
with free radicals formed in tl»e water. A common mechanism does not, 
however, appear to be operative since tlie influence of oxygen is different in 
different polymers. A possible interpretation is that reactior) with OH 
radicals can break main chains in only some of the polymers examined 
and that the others can be fractured by HO, radicals. 



362 


P. ALEXANDER AND A. CHARLESBY ‘ 


TABLE IV 


Degradation of Polyacrylamidb by X-Rays 


Coocentratlon 

liT^iation 

CoodiUon 

Inlriiuic 

High molecular weight 

0.0625 

’ 500 r. 

Air 

8 0 

7 26 


1000 r. 

Air 

6 0 


2000 f. 

Air 

4 S 


2000 r. 

Nttrogea 

6.0 

Lower molecular weight 

0 259%. 

10.000 

Air 

2.7 

2.39 


20,009 

“ 

2 00 


30,000 


1 90 


10,000 

Nitrogen 

2 52 


eliminate the possibility oLperoxide groups introducing spurious results, all 
these polymers were heated in carefully deaerated solution at 100®C. for 
45 hrs., a treatment which was more tJian su/Iicieiit to destroy these groups 
(see Table 11). 

In the absence of oxygen, polymcthacrylic acid (eilhei in the acid or in 
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Ft(r. 3. Dcfiraclalion or polyaroI«m!de. 0 0625% solutfon t'miciialcd under aiV Iiy 
s-rays. (X)-2000r. (D)-JOOOr. (A)-500r. (O)-Or. 
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turOicr lo vcrj Intgc volumes when plnccd inlo excess waler otter irradia. 
tion. As the irrndiolion is incrensed, so the swelling ot the gel becomes 
progressively less iinlil, nt n dose depending on the polymer and its original 
coiiceiitrnlion, the gel pulls awny from the walls of the vessel and Hoots 
freely in n solution which is essentially free from polymer (see Fig. 4), 



Fig, Cc) forntaliou tn irradiatds} ulrnlm}. (A) Unirrndi- 

nlftd. (R) Gettmg tatiiftlMFn ilow*. iTW->\5nVitd gcWlmnVinjt R»fty 

(tom \YAiU. 


So fnr we liftvc confined oiir ntlenlton largely to the dose rwiulrcd lo 
produce u gel find htvvc i>ol ftWcmptwl to interpret the subscrpicnt swelling 
behavior of the gels formed with higlicr doses. The general pattern is 



Fig. 5. Incrrow in crrMtullnklng vfilh concentraiion ami 
raiUntion P«lyvtny!pyrroUdonft, 7-rndiation at 1000 r./ 

min. 


shown in Figures 5 in which crosslinUng is expressed as l/s^Ycli^^g. Tlie 
rate at which crossHnkhig proceeds depends on the imtial concentration and 
except in very dilute solutions (i.e-, near the changeover point from degrada- 
tion to crossVmking) increases Yvith iticrca^wg concentration. 
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CROSSLINKING IN SOLITTION 

With the exception of polymethacrylic acid, all the water-soluble poly- 
mers examined (which degrade in dilute solution) crosslink when irradiated 
as solids (i.e., when the action of the radiation is direct). It therefore be- 
came of interest to examine their behavior in more concentrated solutions 
where direct action can produce a significant contribution to the over-all 
effect. Unexpectedly we found that the following polymers when irradiated 
at concentration as low as 1% (when direct action cannot play an important 
role) were not degraded by irradiation but became crossUnked; polyrmyl 
alcohol, polyvinylpyrrolidone, polyacrylamide, polyacrylie acid (unionized). 
However, polyacrylic acid, when partially neutralized with sodium hy- 
droxide, and therefore carrying a charge, degrades at all concentrations; 
a degree of ionization of 0.1 is already sufiicient to inhibit crosslinking. 
Polymethacrylic acid both ionized and unionized degrades at all concentra- 
tions; with solutions containing as much as 10% of polymer the degrada- 
tion appears to be almost entirely due to indirect action since the amount 
of change for a pven dose is inversely proportional to concentration as at 
low’cr concentrations (see section on Behavior of Dilute Solutions). 


TABLE VI 


Changes in Viscosity of Polyvinyl Alcohol afteh Irradiation by 
7-Bays 


CoQe«ntr«lion 


D<m* 


Inlnwie 

CofldiliOD vi*eoait7 


Sample 1 : 


Sample 2: 


Sample 3- 


— 

— 

— 

0 S5 

0 3% 

14 X I0*r. 

N» 

0 59 

0 3% 

14 X 10*r 

Air 

0 28 

7% 

2 7 X 10*f 

Air 

0 57 

7% 

11 X 10* r. 

Air 

1 18 

7% 

13 X 10* r. 

Air 

Sets to 




gel 

— 

— 

— 

0 67 

0 3% 

15 X ICr. 

N| 

0 70 

1% 

0 84 X 10* r 

Air 

2 84 

1% 

0 92 X 10* r. 

Air 

gel 

2% 

0 90 X 10* r. 

Air 

1 69 

4% 

1 2 X 10*r. 

Air 

1 30 

0 3% 

15 X 10* r. 

Air 

0 40 

— 

— 

— 

0 76 

0 5% 

0 9 X 10* r 

Air 

0 76 

0 5% 

•• 

N, 

1 42 

0 5 % 

12 X 10* r. 

Air 

0 77 

0 5% 

15 X 10* r. 

Ajr 

0 85 

2% 

0 9 X I0*r 

Air 

1 15 


The occurrence of crossVmking may be recognized in the polymer solution 
by the fact that the viscosity does not fall but increases slightly (see Table 
^ I) until at a wclUlcfinctl dose the solution seU to n swollen gel w hich swells 
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f‘tticzHn££ coNccvrEA-now or pvp 

>'!((. 6. Iladlallon formation in po1>^in,v)p>rri)li« 

<Ione rnluttono. Y^Railintion al 1000 r./miii. 

A riiosl remorknble fcnlurc of the crosslinking reaction in tiie vcr>’ slinrp 
changeover from degradation to cffioienl crosslinking. Tills is Illustrated 
for polj’vinylpyrrolidone in Figure 6; degradation occurs nl n poIjTner 
concentration of 0.3% while in n 1% solution the dose required to produce 
a gel has reariied its minimum value. With polyncrjlic acid of moleeulnr 
weight 2.2 X 10* the changeover from degradation to crosslinking occurs 
nl 0,1% couccnlmtion and the dose requirerl to prociurc a gel is at a rnini- 
iinmi nl n coneenlralioii of opproximnlely 1%. TJiis s>8tem is now Iwing 
studied in detail. We have only obtained preliminary results with poly- 


TAIILK MI 

Cnovsi or Poi.rAC«ri.sMtDr:* 


1 onri 

2 3^7 

6 7c; 



0 6 X 10‘r. 

1 27 X 10" r. 

0 26 X rO*r. 

1 3 X 10‘r. 
OB X 10* r. 
I O X I0*r 


• Ifitnn**- >i«rTnit j of fiUrtinir nialninl m 2,7. 

W of «a|rr t«k«‘n up liy f»l)nirr/«riffit «*f 
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formed l« tlie solvent, remains in this state for a time during wiiici) it ran 
■ '*» r-'vmw molecule. If, during this time, no 

linking, the activated poijii.u i 
to stabiiizc itself in the course of which it suffers main ciiaiu iiuv-lu*.. „ d 
degrades. Tlie following: stmpHf^ng assumptions wili he made for malhe* 
maticf i ' 

mer units in the same molecuie. 



FffS. 8, GeUins e%»r>« for pot>vinylpyrroRdone» tlj 
experimental; ~ theoretical curve a •• SS. 


(2) The energy required to activate the polymer molecule » tiie same, 
whether the effect be director indirect. ^Vherp this is not the case, asimple 
correction can be readily applied. 

{3} Tlte initial molecular weight distribution is of the random (ex- 
ponential) type. TJie nonvalidily of this assumption would only alter the 
parameters defining the gelling curve to a minor extent. None of the main 
conclusions would ho affected. 

The probability of an activated monomer unit becoming linked to a 
neighboring unit depends on the polymer concentration, but cannot exceed 
unity. Fow low conceiilrations, when mutual exclusion effects are negh'- 
ble, this probability is proportional to the polymer concentration c. The 
constant of proportionality, denoted by a, is related to the time available 
for an activated unit before it rearranges itself into a stable degraded prod- 
uct. a is independent of concentration and of the molecular weight of the 
polymer. Its reciprocal represents the minimum polymer concentration 
which, but for excltwion and slalistical fluctuations, would ensure that all 
activated units result in crosslinks. At very low concentrations, the ratio 
ac/ii ~ Gc) represents the number of crosslinked/degrading units. At 
j loore complicated expression obtains because of 

■ Ipsds to the following 
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may be similar for a range of polymers, but the subsequent effects (cross- 
linking or degradation) depend on the stability of the ensuring radicals. 

Although this mathematical theory of endlinking fits the observed facts 
as well as the conventional crosslinking theory, no experimental evidence 
for it has been obtained. The equations derived have been applied by us‘* 
to account for the concentration effect in polymer solutions. It is assumed 
that the polymer molecules irradiated in solution suffer fracture of the main 
chain. The two ends formed are unstable and eventually a molecular 
rearrangement occurs near the ends in order to stabilize them. This takes 
a certain time, during which either or both of these active ends may link 
themselves to other polymer molecules if these exist in the vicinity. The 
observed effects of main chain fracture will therefore depend on polymer 
concentration. If this is low, most main chain fractures result in degrada- 
tion and reduced molecular weight. If it is high, branching and eventually 
gel formation will occur. It can be shown theoretically” that, for an initial 
random molecular weight distribution, gel formation by endlinking first 
occurs when there is an average of radiation induced main chain fracture per 
three molecules, the two fractured ends subsequently linking themselves 
to adjacent molecules (in other words, there must be at least two active 
ends per six inactive ones for gel formation). In the case of polymer solu- 
tions the number of radiation-induced fractures will be 0.6 X 10” r/e (see 
section (2) above) and of these a fraction or will result in endlinking. The 
parameter « will vary with polymer concentration in an unknown but 
smooth manner. The number of degrading fractures will be (1 — a) X 
0.6 X 10” r/« and these fractures will give an increased number of separate 
molecules to be linked together. Then for gel formation, the following 
equation must be satisfied: 

0.6 a X 10” r/e > Vj{( 1 - «) 0.6 X 10” r/p -f- 


where cNfMn is the number of polymer molecules initially present In 1 g. 
of solution. The minimum gelling radiation dose; 

cNe 0.6 X 10” 

“ M. (4a - 1) 

This formula gives the required sudden change from degradation (when 
a < 0.25) to gel formation (when a > 0.25). With a feasible variation of a 
with concentration, the observed effects can be explained.” The main 
objection to this theory arises on chemical grounds, as it is not easy to ex- 
plain the chemical processes involved which would produce endlinking 
without a continued radical formation. No direct evidence for or against 
this theory is available. 

(4) Simultaneous Crosslinking and Degradation. This theory 
assumes that a polymer molecule activoted cither directly, or via radicals 
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Additives 

The effect of radiation on polymer solution, as measured by the tend- 
ency to crosslink or degrade, can be profoundly affected by Uie presence of 
small amounts of certain additives, which may either reduce the radiation 
effect or shift its emphasis. Oxygen is one sucli additive, but a number of 
others aucli as thiourea and /3-mcrcaptan have been studied.** In solutions 
sucli addillv(^ may act in one of several ways. Ti»ey may react with the 
activated polymer molecule; if tlic compound formed is a stable one, then 
the additive 1ms blocked the reactive point and prevented both cross- 
linkisig and dcgfadalion (f.e., protection will have occurred). It h also 

possible that the nddilivc combines with the active center to give a struc- 
ture which can still degrade but which will no longer crosslink. For ex- 
ample, the effect whereby oxygen decreases crosslinking but promotes 
degradation could arise as follows: 

nn ► n* — no, 

polymw radiation •cU»« wnt« |.«roiKta «vhich 

«hkK nn no langn' 

defradn or eravtini, 

croMinl maytliUdryradA 

A detailed study of the effects produced by a number of additives wili be 
published later. 
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wishes to lliank tlie Ct»alrma« of Tube Investments Ltd. for permission to publish this 
paper. 

References 

1. Charleshy. A.. Prae. Roy. Soe. London. 1952, 215, 187; IValun, 1953. IH, 167. 
Lawton, E, J., Balwit, J. S., and Bucche, A. M.. ibtd., 1953, 172, 76. 

2. Alesander, P., Charfesby, A., and Row. ftf., Proe. Roy. Soe. London. 1951, A223, 
392. Alexander, P., Charlesby, A., and Black, R. RL, ibid.. 1955. A232, 31. Dole, 
M., Keeling, C. D.. and Rosa, D. G.,J. Am. Chem, Soe., 76, -WO-l (1951). 

3 Alexander. P., and Fox. M., A’olure, 1932. 169, 572; Tram. Faraday Soe., 1951. 
50, 605. 

4 Alexander, P., and Charle^by, A., Nature, 1951, 173, 578. Alexander, P.. 
Charleshy, A., and Ross, M., Proe. Roy. Soe. London, 195 1, A223, 392. Alexander, P., 
and Charlesby, A., ihid., 1935. A230, 136. 

5. See, for example, Baexj. S. M., and Alexander, P., Fundamenfuh 0/ Radiobwlo^, 
Bultmeorth, London, 1935 

6. Stacey, K. A., and Alexander, P., International Symposium on Macromolecular 
Chemistry, Milan-Torino, 1951. Published in Rieereia tei.. 25, 689 (J9S5). Distrib- 
uted in the U. S. by Interscience, N. Y. 

7 Alexander, !*., and Hitch, S F., /IrcA, Dioehem Riophys., 1952, 9, 229. 

8. Alexander P , and Stacey, K. A., TVam. Faraday Soe., 1955, SI, 299. 

9. Alexander, P., and Fox, M., X cA»jn. phy*.. 1953, SO, 415. 

10. Mogat. M., and Wail. L. A.. i6id.. 1953. SO, 308. 

11. Alexander, P., and Fox, M., ibid., I9SS, 52, 711. 

12. Charlesby, A., Proe, Roy. Soe. London. 1934, A222, 542. 

13. Charlesby, A., and Alexander, P- J. ehm. phyt., 1955, 52, 718. 

14. Charlesby, A,. Proe. Ray. Soe. London. I9S5, A231, 521. 



372 


P. ALEXANDER AND A. CHARLESBY 


Ne ac 

aMn 4 — 5 exp { — ac) 

where N is Avogadro’s number, e is the energy absorbed per activated mono- 
mer unit, and A/„ is the initial number-average molecular weight. The 
relationship between r, and the concentration c is shown in Figure 7. No 
gel formation occurs at concentrations such that ae < 0.223 and the mini- 
mum radiation dose for gel formation occurs at concentration some three 
times greater when fj.i = 0.46 Ne/a\U. Tlie upward sweep of the gelling 
dose at higher concentrations arises from the absence of degradation at these 
concentrations and the increasingly higher number of polymer molecules 
available to absorb the same amount of radiation energy'. Such an upward 
sweep is in fact observed, although it is not always so steep. A lower slope 
is obtained if less energy is required to activate a monomer unit by direct 
rather than by indirect action. 

Theonly parameters in the theory are a and e. For many polymers, gel 
formation only occurs at concentrations exceeding 0.4% so that ac = 0.223 
at c = 4 X 10~* and a is about 50. The minimum gelling dose is found at 
concentrations of about 1-2%; the theory predicts a minimum at ac 
0.8 so that once again a '^SO. Theory gives a minimum value for the gelling 
dose of: 

{0A6l\^e/aMn) e.v./g. 

about9 X 10’ e/Afn roentgens. ForpolyacryUc acid, the minimum gelling 
doses lead to a value for e of 100 c.v. This compares well with the value 
for direct action, deduced above for dry polymer of 10 1 e.v. 

Figure 8 shows the experimental gelling doses for polyvinylpyrrolidone, 
assuming a = 55. Good agreement with the theoretical curve is obtained 
if Af»/c^l0’ (which is the correct order of magnitude since, if e~100 e.v., 
Af,'~10^). In particular, the theoretical curve reproduces the sharp mini- 
mum and subsequent slow rise with increasing concentration. If energy 
absorbed directly on the polymer molecule is more effective than the in- 
direct effect, the general shape of the curve is almost unaffected but the slope 
at higher concentrations is reduced. 

(5) Conclusions. Apart from mechanism (f) there are no decisive 
experiments to distinguish between the other three mechanisms described. 
The fact that polymers which crosslink at liighcr concentrations degrade 
at very low concentrations (sec, for example, polyacrylic acid and poly- 
acrylamide, Tables III and IV) is not decisive evidence against mechanism 
(2) since the existence of an oxygen effect greatly complicates the situation. 
One would expect that the influence of oxygen would be most marked in 
low polymer concentrations where it might be responsible for converting a 
labile point into a main chain break. At higher concentrations interaction 
with another molecule would be more likely so that the chance for oxygen 
to intervene might be less. The basic problem which remains to be solved 
is what arc the chemical reactions winch bring about the crossUnking? 
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In spite of widely dilTcring constitution the active agents all 
share the property of reacting under physiological conditions 
with nucleopliilic (i.c. electron-rich) centres; and that their 
biological activity is derived from the ability to change some 
vital molecules in the cell by alkylation seems certain. 

There arc very nmny points at which these agents can react 
in tlic cell, and the most important arc amino (or imino) 
groups in tljcir uncharged state and anions such as the 
ionized carljoxyl groups in proteins and the phosphate groups 
of nucleic acid. lonizctl — SII groups (be. — S'*) react so 
readily with these alkylating agents that even at pH 7 all the 
available — SH groups arc readily alkylated although less 
than 0‘1 per cent of them arc present in the reactive — S” 
form at any one time. 

In spite of the great diversity of possible reactions it 
is possible to eliminate a number of these by considering 
compounds which arc inactive although they have some of 
these reactions in common. Hendry, Hose and Walpole 
(1951) examined a large number of /compounds which were 
known to react witli amino groups by alkylation (such as the 
alkyl halides), by acylation or in other ways, but which could 
not csterify anions. Although they were not tested by these 
autliors for mutagenic properties none showed cytotoxic 
cfTccts on tumours which are such a characteristic fcoture of 
the radiomimctic alkylating agents. Similar negative results 
have been obtained more recently by Haddow (unpublished) 
with a number of bifunclional thiol esters of the type 
R'S'CORCO-S'R' which combine with amine groups under 
biological conditions. We studied in some detail one of the 
amine reactors used by Hendry, Rose and Walpole (1951), 
txiaerylfor™«l, N_CO.CIt=CH, 

/\ 

CH, CH, 

I I 

Cn,=CH CO N N-CO-CH=CHs 
N/ 

CII, 
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THE REACTIONS OF THE MUTAGENIC 
ALKYLATING AGENTS WITH PROTEINS 
AND NUCLEIC ACIDS 

P. Alexander, Sheila P. Cousens and K. A. Stacey 
The Chester Beaitif Research Institute, Institute of Cancer Research: 

Royal Cancer Hospital, London 

A WIDE variety of different substances are now known to be 
mutagenic but the most active arc the nucleophilic alkylating 
agents of which mustard gas — the first substance to be 
recognized as mutagenic (Auerbach and Robson, 1914) — is 
a typical representative. Alkylating groups which confer 
biological activity arc (cf. Fahmy and Fahmy, 1956): 

Sulphur mustard 
nitrogen mustard 
mesyloxy 

epoxide 


ethylene imine 


propiolactonc 

They are often referred to as radiomimctic alkylating agents 
(Dustin, 1947) since the biological effects they produce at the 
cellular level simulate closely those which follow exposure to 
ionizing radiations. 

Sir Rudolph Peters (1947) first suggested that the ability 
to esterify acid groups in vivo might be responsible for the 
biological activity of mustard gas. In the subsequent ten 
years this suggestion has received a lai^e measure of support. 

294 


— S-CHa-CHa-a 
— N-CHa-CHaCl 
R-O-SOj-CHj 
R'CH— CH. 
\)/ ■ 
CH,— CH, 

I 

R 

R-CH-CH, 

i-co 


( 323 ) 
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every ease the agent was present in great excess. Verj’ little 
is known of the combination of the other types of rodiomimetic 
alkylating agents with proteins ami this led us to examine 
systematically the reaction of a representative number of 
these with serum albumin under physiological conditions. 
The reaction svith the dilTercnt groups in the intact proteins 
was determined by a variety of methods (Cousens, 1956). The 
results, summarized in Tnble I, indicate that the most pro- 
minent reaction common to all the biologically active nlkylat- 


Table I 

Crakoes P/iooucKO tK SeBtnt Albumin by IlABiOMntmc 
AORNTS 




% Jlrduetion 


Treatment 

Carbctyl 

Groupi 

/fmtno 

Gnnipt 

Imidasole 

Greupt 

Tynsint 


27 

4C 

77 

No reaction 

CHjCH— cir, 

^ 0 / 

22 

SO 

70 

No reacUoD 

Mylemn 

SI 

0 

42 

No reaction 

Chlorambucil 

23 

7 

5 

No reaction 


3% Fr«Ulii Sedutloo -f 0 IS of lUasmt 


ing agents is esterification of the carboxyl groups. The 
epoxides reacted extensively with amino groups of lysine 
and the Imino group of histidine; the nitrogen mustards 
reacted to a lesser extent and the mesyloxy compounds hardly 
at all. 

Chromatographic examination of the acid hydrolysate of 
the reacted proteins shosved an almost complete disappear- 
ance of the spot due to histidine after reaction with epoxides 
and a very noticeable decrease after treatment with nitrogen 
mustard. The intensity of the lysine spot was also changed. 
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and found that it very readily alkylated amino groups in pro- 
teins, but Fahmy and Fahmy (unpublished) were not able to 
produce any mutations in Drosophila with it. Similarly 
specific thiol reagents whicli inactivate sulphydryl enzymes 
in the cell (cf. Ross, 1953) do not bring about the highly 
specific forms of genetic damage associated with radiation 
and the alkylating agents belonging to the mustard class. 
These experiments indicate that reaction in vivo svith amino 
or sulphydryl groups does not produce radiomimetic effects 
and the biologically significant reaction of the alkylating 
agents considered in this paper would appear to be the 
esterification of acid groups. This type of reaction can only 
be brought about under physiological conditions , by sub- 
stances most of which are mutagenic, and cannot be pro- 
duced with the inactive substances. 

The in vitro reaction with nucleic acids and proteins lends 
powerful support to the arguments just advanced that 
combination with acid groups is the biologically important 
reaction. That is not to say that this is the only or even 
the predominant reaction which takes place with cellular 
constituents, and a substantial proportion of the reagents arc 
probably wasted in useless reactions. The important process 
can therefore not be discovered merely by following the tn vivo 
fate of an active compound. The experiments described in 
this paper were designed to throw light on the mechanism by 
which these reagents exert their biological activity, although 
general considerations strongly suggest that the relevant 
reactions of chemical mutagens must be with the nucleic acid 
moiety of nucleoprotein. A summary of our results with 
proteins is given for the sake of completeness. 


Reaction with Proteins 

A number of papers have been published on the reaction 
of proteins with mustard gas (see review by Alexander, 1954) 
but the results do not provide information about the relative 
reactivities of different groups in the proteins since in almost 
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3*5 hours Soiv<n<2. 


Fio. 1. Two-d]m«nsJonalchroniatoRnimofhydroJysaUof 
serum albumin. Solvent I contains cUmnol, butanoI> 
water and propionic acid. Solvent II contains acetone, 
butanol, water and dlrt^f/oliexylamme. The followinp 
new spots were seen after treatment with these different 
alkylating agentss 


A wilh(CH,)j. N.CH,,CH,a 
B with CH,.N':(CH,.CH,.C1), 
C with CHj.CH . CH, 

P with <CItr-CH.CH,),0 


Key to the oilier spots: 


1 Arginine 
3 Lyidne 

3 Aspartic acid 

4 Glutamic acid 

5 Cystine 
C Alanine 
7 IlUtldme 
ti Serine 


„ f Valine 
1 Methionine 
10 Phenylalanine* 
IX Prolme 

12 Thwoninfe 

13 Tyrosjfie 
X4 Glycine 

f Leucine 
^ \ Jsoleucue 


( 328 ) 
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No alteration could be seen in the chromatogram of the 
mesyloxy-treated proteins; this is to be expected since the 
esters formed with the carboxyl groups would be broken down 
again under the conditions used to hydrolyse the protein 
into its constituent amino acids. 

The epoxide- and nitrogen mustard-treated proteins gave 
rise to additional spots on the chromatogram which are pro- 
bably due to ^-alkylated lysine or histidine (Fig. 1). The 
new spots from proteins treated with bifunctional-reagent are 
close to the origin and this would be consistent with the cross- 
linking of two amino acids to give a large molecule which 
diffuses slowly. 

The reaction with protein SH groups was not studied in 
serum albumin since this contains less than one SH group per 
molecule and ovalbumin was used instead. In the native pro- 
tein no significant reaction could be obtained (Table II) but 


Table II 

nEACTION OF ALKYIATINC AGENTS WITH TRE — SH CftOUT 
3% egg albumin before and after denaturatlon 

% SH groups reacted 


Alkylating agent* 

(cicii, cn,),N-c»H« -(cii,), coon 

Chlorambucil (1-7% solution) 

CII, S0,-0-C,H« (2-0% solution) 
CH,— CII CII, (5% solution) 




■ Reaction time 4 hours at 37* C. 


Native prolein DenflluredpTOleint 
14 88 

0 55 

0 100 

t Denatuxed by guanldloc. 


this was to be expected since these groups had earlier been 
found inaccessible to thiol reagents. After denaturation with 
guanidine, the — SH groups reacted extremely readily with 
the three reagents tested. With mustard gas, Bacq (1940) 
showed that the rate of combination increased rapidly as the 
pll was raised from G to 9 and this is in agreement with the 
theoretical prediction that the — S“ form is the reactive 
species. 
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But on esterification no acid is released ; 

>NCHj-CH,-Cl + = :PO-Na+-— »>NCHs-CHj-oi>=+NaCI. 

I I 

With relatively dilute solutions of DNA a considerable 
amount of acid is produced during the reaction with the 



Fjo, 2. Jlate of ocid formation when the phenyJalantoe nitrogen 


mustard. That the liberation of this acid is entirely due to 
hydrolysis by water and not produced in part by alkylation 
of amino groups was show'n by analysis of the solution after 
reaction was complete. The amount of mustard which had 
combined with the DNA ivas equal to that bound fay esteri- 
fication as calculated from the decrease in the amount of 
acid released, while the amount of hydrolysed mustard found 
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Reaction with nucleic acids 


Our attention has so fat been confined almost entirely to 
DNA* ; in this substance one might expect reaction with the 
phosphate and the amino imino groups and ring nitrogen of 
the purine and pyrimidines, all of which are in the electro- 
philic (or reactive) form at pH 7. With mustard gas — present 
in very large excess — ^Elmore and co-workers (1948) obtained 
extensive esterification of the phosphate groups of DNA and 
indication for reactions with amino groups based on changes in 
the titration curve, but more recent work on the titration 
behaviour of DNA invalidates their interpretation. Alexander 
(1952) found that all the other types of radiomimctic alkylat- 
ing agents readily esterified the phosphate groups of DNA 
under mild conditions. 

With the biologically highly active mustard from I-phenyl- 
alanine (Bergel and Stock, 1954), i.e. CB 8025. 


COOH-CH-CHs— NC^^ * 

we were able to show, when the mustard was not present in 
excess, that the only reaction which could he detected with 
native DNA is esleriflcalion ot the phosphate groups. By 
using an automatic titrator the rate of release of acid due to 
hydrolysis of the mustard group could he followed while 
maintaining the pH throughout ot 7. In the presence of DNA 
the amount of acid produced is decreased (Fig. 2) and this 
provides a direct measure of the number of phosphate grouos 
which have been esteriacd. Acid is liberated to the same 
extent when the mustard group is hydrolysed by the water 
or when it alkylates an amino group: 

>NCH,-CH,-a + H,0 — >->NCH,-CH,-0H + HC1 

M * >NCH,.CH,-NHn + HCI, 

modiaSuoaorrs.”lri’.''«“'“?' Ovn. , 


Mutaohnic Alkyi^tino AcnsTs »08 

Since the epoxides react much more slowly than the mustards 
and also since the proport ion w'hich hydrolyses is much greater^ 
it is not possible tr) determine the extent of combination with 
amino groups. Using excess epoxide the absorption spectrum 
of the DNA is slighth' altered after 50 per cent of the 
phosphate groups have become esterified, and this indicates 
that some reaction with the purine or pyrimidine bases has 
occurred. No change in the spectrum was observed immedi- 
ately after comparable treatment with aliphatic nitrogen 



0 40 so ISO 240 oto 

TIMt (him) 


l''ia. 3. Rate of alkali protlucod {{.e., ndd consumed 
10 maintain pi! ot 7) when 0*1% DNA wna treated 
with o 2% solution of propylene o^ide ot 37* C. 

mustards and this is another illustration of the greater 
reactivity of epoxides witli amino groups (cf. Table I). 

On extending our investigations to other aromatic mustards 
we found that some did not combine significantly with DNA 
m solution. A notable example was chlorambucil, 

/—V /CH.CH.-Cl 

cooh,ch,),-On<^^^ 

a compound used clinically and found by Fahmy and Fahmy 
(1956) to have the highest mutagenic activity of any mustard. 


( 332 ) 
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free in the solution after reaction corresponded exactly to the 
amount of acid produced. 

The absence of reaction with amino groups is shown still 
more strikingly Nvtth solutions containing 0‘12 per cent DNA 
when 94 per cent of the mustard is used up in esterification 
(Fig. 2) and only G per cent of it liberates acid. This 0 per 
cent is entirely due to hydrolysis. 

In agreement with the prediction of Brown and Todd (1952) 
we find that the triesters produced by alkylation of the phos- 
phate groups of DNA are unstable and are hydrolysed com- 
pletely by heating at 90* C for 20 minutes. Fig. 2 shows that 
after this treatment the amount of acidity produced is equal 
to the amount of esterification (i.e. after boiling, the total 
amount of acid produced is equal to that which would have been 
produced by hydrolysis in the absence of DNA). Within experi- 
mental error ( :i; 5 per cent) all the combined mustard residues 
were released on hydrolysis and this shows that the triestcr 
breaks down predominantly at the mustard linkage. Measure- 


N< 


i I 

0 O 

O = P— OCH,'CH,-N<-^0 =.]>— 0- + OHCHj-CH. 

A A 

1 I 

ment of the molecular weight shows that breakdown also occurs, 
though very infrequently, at one of the sugar esters. \Vhen 
this happens a break in the main chain is produced (see p. 314). 

With epoxides, esterification of the mustard groups is also 
the most prominent reaction. In this case it results in the 
liberation of alkali which was followed with the automatic 
titrator (Fig. 3). 


I 

CH,—CH— R + ^ P— 0-Na+ — v 

== P~0-CHs‘CH~R + NaOlI. 
\ 1 
OH 
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with a positively ainl a negatively chnr/jcd synthetic polymer 
(polyctliylene iminc nml polymctlmcryllc ncitl respectively) 
show Hint reaction Is very largely iriilucnced by electrostatic 
rqmision or ntlmctmn l>otuecn the reactants, 

Kcnctlon with nucicoprotcins 

Ij» IIjc cell, of course* DNA Is not present as such hut coni' 
hined \ulh proteins wliirh will reduce its electrical charge, 
CVmserjuently uc clechletl to study the renetion of a nuclco- 
protein with the radtomimclic nlkylatlug agent. Since the 
c.xtraction of nuclear proteins from the cell gives |1I defined 
pro<lucls which arc difijcuU to handle, we used sperm heads 
obtained by plasninlysingsoft roe frtnn herrings {rdix, Fischer 
and ICrckcIs, U»5C). These arc Imixl balls uitli a diameter of 
the ortlcr of 2 p, containing only DNA and the low-molecular 
ucight proteins, the protamines, in the ratio of 39 per cent to 
01 per cent. They arc siirrouiulcd by a tougli membrane tlic 
weight of which is insignificant. When placed in water they 
swell only to a vcty limited extent mid take up less than their 
own weight of water. Suspensions of sperm heads can therC' 
fore be handled easily and they arc not at all viscous. 

TIjc reaction of the sperm heads with the alkylating agents 
can be followed on the oiitomatic lilmtor in exactly the same 
way as with the solution of DXA. From the amount of acid 
Jibemted the esterification of the phosphate groups can be 
determined and is seen to occur extremely readily (Fig. 4). 
For the aromatic mustards it could again be shown that the 
only reaction uhich occurred was esterification of acid groups 
and there was no evidence of alkylation of amino or imino 
groups in cither the protein or the nucleic acid. Since the 
number of carboxyl groups in the protein is very much less 
than that of the pliosplmtc groups from DXA the cstcrlfica* 
tion of the latter would again appear to be the predominant 
reaction. Other evidence (sec p. 311) supports the view that 
the reaction of the mustard is confined to DXA and that the 
protamine is not involved. 
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These ohscrvnlions seemed to be very diflicult to reconcile 
with the view tlml the rndiotniniclic alkylating agents exerted 
their cITect by combining with DXA, and led iis to examine 
the reaction of a series of water*solublc aromatic nitrogen 
mustards with proteins and DNA. The relative rates of reac- 
tion were expressed as a competition factor (Ogston, 1048) 
which was defined as; 

Amount of mustard combined with 

macromolcculc 1 

Amount of mustard hydrolysetl by concentration of 
water macromolcculc 

The concentration of nincromolccnle was expressed as a 
molarity based on the total numher of groups present which 
can be alkylated. Table III shows that there is no correlation 


Table III 

Co'iprtmov PAcrons op AnouAtic NrrnocEV Mcstaiids por 
Protejvs : DNA 


(C cWiCn,i,A’-<^^>-a 

PiolotidO 

Aotintir 

.Kbiim'n 



pyA 

7‘etv 

trv^at* 

rely’ 

ftAy/rne 

tnint 

R 








CHi'CII (Nlld COOll 
(PhcnylaUninc Mustard) 

+ + + 

20 

23 

- 

ISO 

2100 

21 

0 Br- 

- 

40 

7 

2 

4C0 

1400 

20 

een, ),N-{CII,), 

+ + 

20 

- 

- 

310 

4400 


(CH,),-Nn, 

+ + 

25 

- 

— 

100 

2000 

— 

—COOll 

4- 

31 

20 

5 

0 

0 

210 

(cn,),-cooii 

(Chlorambucil) 

f + + 

74 

20 

20 

20 

100 

170 


between reactivity with DNA and biological activity. All 
mustards carrying a positive charge reacted readily while 
those like chlorambucil which have a negative charge (i.e. the 
ionized carboxyl group) at pH 7 fail to react. Experiments 



UiiWcc f./'' ‘he .s;,e mustard rhi ^<>7 
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Husnuo u$io 



Tint (h»U ) 

F»o. 4. ilniction of tliirc lUffwnt fonrrntmhon* of plirny)* 
nluninc m«tst«ot with n 10% smpcn«5on of herring *jx-n« 
hcn<J<. The pefrtntnjw of rlfiratlon wm compiitnJ from 
tite umount of uclrl hl>efntc<i. 



proteirj occurs. 


( 335 ) 
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When the reaction occurs within t!ie same molecule it causes 
a reduction in viscosity (Alexander and Fox, 1032) because 
the mojeode is coiled up so that it occupies less volume*. On 
iulcrmolccular reaction the viscosity of the solution rises 
steadily until quite suddenly it sets to a gel, w’hcn the number 
of crosslinks formed exceeds, on average, one per molecule. 



Fir,. 7. UifTcfcnt tvpcs of rcnctions produced by bifuncUonal rcflcrnti 
vritli a flexible macromoiecuie like DXA 

(а) Intennotccuiar crosslinking. 

(б) Reaction with neighbouring proup«. 

(e) Intramolecular CT^inking. 


Internal crosslinkiiig can be recognized very clearly from 
light scattering measurements. By plotting the light scattered 
at different angles, as shown in Fig. 8, the volume occupied 
by the molecule in solution (expressed as the radius of g^Ta- 
tion) is given by the slope and the molecular weight by the 
intercept (the smaller the value for the intercept the higher 
the molecular weight). Using this technique it is clear that 
the first change produced by a polyfunctional reagent is to 
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triesters which should be less stable than those from DNA 
(Brown and Todd, 1952) it seems highly improbable that the 
reduction in the amount of acid produced is due to esterifica- 
tion of the primary phosphate groups. The stable esters which 
are formed may be diesters derived from esterification of the 
secondary phosphate groups at the end of the chain. These, 
of course, would be very much more numerous in the relatively 
low-molecular weight RNA than in DNA. Howev'er, this 
whole reaction needs much more detailed study. 

Crosslinking of DNA 

When assessed by growth inhibition and the production of 
chromosome breaks, the biological activity of alkylating 
agents containing more than one reactive group per molecule 
is in general much greater than that of monofunctional com- 
pounds (Haddow, 1953). Although a direct comparison has 
only been made in relatively few cases (Fahmy and Fahmy, 
1956; Zamenhof et ch, 1956) this same diflercnce seems to 
persist also for mutagenicity. 

In principle, there are three reactions which distinguish a 
bifunctional from a monofunctional reagent: the ability to 
form crosslinks between different molecules (intermolecular 
reaction); to join different groups in the same molecule (Intra- 
molecular reaction) and to form rings by reacting twice with 
the same group (e.g. RNH 3 -fX'M*X-»'RN>M-j- 2 HX) or on 
two adjacent groups (Fig. 7). Since compounds which are 
sterically prevented from forming a ring by double alkylation 
such as CHa-SOjO-CHj CHsC-CHj-O-SOgCH, are highly 
mutagenic, this last possibility need not be considered. 

With a relatively flexible macromoleculc like DNA, intra- 
molecular crosslinking will predominate in dilute solution, 
while in more concentrated solutions reaction between mole- 
cules will take place. Using synthetic polymers (Stacey ct al., 
1937) the change-over from one type of mechanism to the 
other was followed in detail and was found to take place over 
a remarkably small range of concentration. 




Fia. 0<7. An electron of DNA whidi 

sho\iS the tendencj' of two moleniJes to come 
together a* n side-by-sIde api^TTgote under the 
condttions u*i<d In tlie^c expenmenU. 



Fro. 9b. An eketiTin micTojrraph at ft loirer magnl* 
flentton 'ftbich sIjows how, under these conditions, 
native I>NA is stretched out by surface tension. 


Uaeinupaes 3i0 


Fto. 9c. An electron micrograph of DNA after 
reaction with phenylalanine mustard. The cross- 
links have prevented the straightening and the 
enforced proximity of different points of the chain 
has facilitated the side-by-side aggregation and 
has caused the collapse of the molecule into 
these shapes. 
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Table IV 

The iKmAL effect or aucvt^tion on the size of DNA 


Jitagent 

% 

MaUeular weight 

Jladiue of gyration 

Control 

— 

C-4X10» 

2000 

CB. 3025 {phenyh 

6 

fl-OXlO* 

1100 

alanine mustard) 

^20 

5-4X10* 

880 


21 

COXlO* 

1080 


20 

2-7X10* 

350 


34 

8 >0X10* 

220 


S3 

80X10‘ 

200 

HN2 

->-10 

6X10* 

1530 


--25 

4-8X10* 

1010 

CD. 1318 (chlorambucil) 

0 

5*BX10« 

1800 

Propylene oxide 

49 

6-7X10* 

2200 

Bisepoxypropyl ether 

20 

20X10* 

1350 


43 

7-4X10* 

875 


effect of internal crossUnking, and the dliTcrence in appear- 
ance between untreated * DNA and DNA after reaction with 
a nitrogen mustard is most marked. On drying, the various 
strands in the internally crosslinked DNA molecule are pulled 
together to give the patterns seen. In solution, the electro- 
static repulsion of the phosphate groups opens up the molecule 
into a more spongc-like structure. 

Intermolecular crosslinking of DNA is found after treat- 
ment of the sperm heads with bifunctional alkylating agents. 
The untreated nuclcoprotaminc dissolves completely in 2 M 
sodium chloride to give highly viscous solutions but after 
reaction with bifunctional alkylating agents a proportion of 
the nuclcoprotaminc is present as a highly swollen gel, the 
presence of which cannot usually be detected by inspection. 
Centrifuging for one hour at 20,000 g spins down this gel 
without producing any sediment in the control solution. The 
proportion of DNA present as gel after a variety of treatments 
is shown in Tabic V. The gel is composed entirely of DNA and 
contains no protamine. This means that the crosslinking 

• DNA molccul« are not rigid rods and the linear appearance of the 
untreated DNA is brought about by surface tension during drying which 
pulls out the molecules. 
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coil up the molecule (see Table IV) and only after very exten- 
sive reaction is there a fall in molecular weight (this will be 
discussed on p. 313). With a monofunctional reagent such 


fiCtCttiT. tSTERiyOTlCW 



Fio. 8. Light scattering plots (the reciprocal of the scattering 
at each angle is plotted as n function of that angle), for DKA 
treated Miih various alk^'lating agents, 
f g.«’» the radius of gyraljon which is obtained from the slope 
of the corresnonding line, is a measurement of the extension 
in space of the DN.A molecule after reaction. Tlie molecular 
srrJght is Inversely proportional to the intercept. 

as propylene oxide no change in shape* or molecular weight is 
tiliscrvcd, proving that esterification of the phosphate groups 
alone is not sufficient to coil up the molcctile. 

F.lc*ctron niicrosco|>c photographs (Fig. 0) also reveal the 
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Many radiomimctic effects such as growth inhibition can 
probvTbly be explained on a DNA ** deletion" hypothesis, i.e. 
they arc the resiiH of rendering BNA, in one way or another, 
useless to the cell. Obviously, crosslinking both intra- and inter- 
molecular will be most effective for this purpose since a very 
few reactions per molecule entirely alter its physical character 
and are bound to render it biologically inactive. lilonofunc- 
tional reagents, on the other liand, svill only csterify isolated 
pliosphatc groups and it seems very reasonable that the 
blocking of a few of these may be sufiicicnt to spod the mole- 
cule and that a number of these random esterifications are 
necessary before biological activity is lost. ‘ This would explain 
why higher concentrations of the monofunetional compounds 
have to be used to produce the same effect. 

Probably the lethal as well as some visible and biochemical 
mutations can be satisfactorily explained by this BNA 
“deletion” hypothesis since they arc manifestations of the 
loss of a gene. The major difficulty is to explain how non- 
selective reactions like the alkylation of phosphate groups can 
produce a change tn gene function as opposed to a general 
destruction of the molecule for biological purposes. We must 
look to much more subtle processes than crosslinking for 
causing a rearrangement of a BNA molecule so that it retains 
its biological integrity but carries a different code. Although 
we arc in no position to put forward any hypothesis, experi- 
ments on the production of isolated breaks in one of the 
chains of the twin molecules may provide the basis for a 
possible mechanism. 

The possible significance of “hidden breaks” 

A break produced in one of the twin chains of BNA docs 
not lead to a disruption of the molecule since this is main- 
tained intact by the other chain. A decrease in the particle 
size will only occur when there are interruptions in both 
chains close together (i.e. within about 50 A) (Fig. 10). Tlie 
hidden breaks can, however, be revealed if the twin chains are 
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separated and this can be done with DNA from herring sperm 
(Alexander and Stacey, 1955® and 6; 195Ta), by exposing a 
dilute solution to 4m urea ^vhen the molecular >ve}ght is 
halved, from 8 x 10* to 3 x 10*, without afTecting the length of 
the molecule. After irradiation with X-rays the molecular 
weight of the DNA when measured in salt falls much less 
rapidly than Iher molecular w'cight determined after dissocia- 
tion by urea, because eight out of ten of the breaks occur in 



10. A dlagrammntic rTpresmlation of effect of 
urea on {mdiated DXA whifh show s how LreaVs hidden 
in the dwnenc «ilnict«re (6) become apparent in urea 
solution when all the liydrogcn bonds are broken. 

one of the chains only and remain hidden until the molecule 
IS split* (Alexander and Stacey, 105G). When a-rays are used 
no hidden breaks arc produced because the destruction along 
the track of the particle is so intense that both chains arc 
invariably broken when crossed by an a-particle (Stacey and 
Alexander, 1957). 

Breaks in the chain are also produced by the alkylating 

* The double breaks arc not due to a chance event whereby two ioniuvtions 
are produced dose tocether in each of the two diains. They are probably 
produced by U»e densely ioniiing tail portion of each electron track. 
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agents as a result of the inslabiUty of the triesters produced. 
Although in the majority of tlie hydrolyses the alkylating 
agent is split olT again, occasionally the sugar ester is hydro* 
lysed and this brings with it an interruption of the chain. 
Table VI illustrates the change (on standing at ST*® C) in 


Table VI 

PnoaucTioN' OK “siNGLi'** AKi» “ftouau:” anKAKS JN UNA 


Uro^tnt uted 

% 

iMteiilar veiRkt X 10* 

EtitrifKalim 

SR sflu MOln. 

in urea toln. 

None 

0 

C-0'4 

.va-s 

propylene oxide 

24 hrs. nt 0» C 

49 

C-7 

0'2 

24 hn. at AT* C 


3-3 

01 

btstadlene bixtpoxidc 

24 htt. at Q* C 

42 

7-5 

3-2 

24 hrs. at 3T» C 


2*12 

0*77 

I-plicnylalan«ne muxtnril 

24 hrs. at 0» Cf 

3 

0 0 

2-85 

24 hrs. ot 37» C 


0-0 

2-25 

24 hrs. at 0* C 

20 

5'4 


24 hrs. ftt 37* C 


.2 05 

1-1 

24 hrs. ot 0* C 

27 

2-7 

1'05 

COhrt. at 37* C 


015 


24 hrs. at 0*C 

53 

0» 

— 


t tlil^ >nul] drfim o1 Mtcria<»((<»n «as (uXtdent to Vtinc nbouc •M'mUMf inttmi 
eroAslInkins. 


molecular weight due to hydrolysis of DNA treated with 
alkylating agent. The existence of hidden breaks is very 
clearly revealed after extensive treatment with the mono* 
functional epoxide, propylene oxide. The molecular iveight 
of the double molecule is unchanged while after splitting it is 
reduced to approximately one-fifteenth. "With the bifune- 
tional reagents the number of hidden breaks cannot be deter- 
mined since tlie two chains are covalently crosslinked and this 
prevents the splitting into two strands by the urea except 
when there are breaks in the main chain to compensate for 
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separated and this can be done with DNA from herring sperm 
(Alexander and Stacey, 1055a and 6; 1057a), by exposing a 
dilute solution to 4M urea when the molecular weight is 
halved, from 6 x 10* to 3 X 10*. without affecting the length of 
the molecule. After irradiation with X-rays the molecular 
weight of the DNA when measured in salt falls much less 
rapidly than the» molecular weight determined after dissocia- 
tion by urea, because eight out of ten of the breaks occur in 



I'lo. 10. A diaicrammntie npresentation of the effect of 
urea on irradiated DNA which ehows how breaks hidden 
m Uie dimeric structure (6) become apparent in urea 
solution when all the hydrogen bonds are broken. 

one of the chains only and remain hidden until the molecule 
is split* (Alexander and Stacey, 1050). When a-rays are used 
no hidden breaks arc produced because the destruction along 
the track of the particle is so intense that both chains arc 
invariably broken when crossed by an a-particle (Stacey and 
Alexander, 1957). 

Breaks in the chain arc also produced by the alkylating 

• The double breaks are not doe to o chance event whereby two ionizations 
ate produced close togcthci In car^ of the two chains. They are probably 
produced by the densely ionizing tail portion of eacli electron track. 
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formed within one molecule which then becomes distorted. 
When tlic nucicoprotaminc is treated, crosslinks arc formed 
between difierent DNA molecules which arc thereby rendered 
insoluble and form a gel when the nucleoprotein is dispersed 
in strong salt. The greater effectiveness of the bifunctional 
reagents is attributed to crosslinking which is a much more 
efficient process of spoiling DNA than the isolated blocking 
of phosphate groups which is the only reaction produced by 
the monofunctional reagents. 

The tric.stcrs formed wlicn the phosphate groups of DNA 
arc alkylated, arc unstable and occasionally hydrolyse to give 
a break in one of the polynucleotide strands of DNA. These 
breaks arc masked by the other chain of the twin molecule 
and can only be revealed by special techniques. The formation 
of these hidden breaks may provide a mechanism for the 
rearrangement within a DNA molecule without at the same 
time so altering its configuration as to make it useless to the 
cell. In this way DNA might be made to transmit an altered 
code. 
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the crosslinks. The situation here is too complex to be 
analysed by the methods available to us. 

Molecules with hidden, breaks appear to retain all their 
normal properties and it is conceivable that they continue to 
exercise their biological function but that they transmit a 
slightly altered code. 

Summary 

Chemical considerations suggest that the essential charac- 
teristic of the radiomimetic alkylating agents (i.e. sulphur 
and nitrogen mustards, epoxides, ethylene imines and esters 
of methanesulphonic acid) is their ability to esterify anions 
such as the .carboxyl groups of proteins and the phosphate 
groups of DNA and RNA. These substances can also alkylate 
amino and sulphydryl groups. These reactions, although they 
undoubtedly occur in the cell, are xinlikely to be of biological 
importance since many other substances which can react with 
amino and SH groups but not with anions are biologically 
inactive. 

In proteins, the radiomimetic alkylating agents react with 
all the available groups such as NH^, SH and COOH but in 
DNA only esterification of the phosphate groups is found 
unless the reagent is present in excess. The steric configura- 
tion of the DNA probably screens the purine and pyrimidine 
bases and this is confirmed by the failure of substances, which 
readily combine with amino groups in proteins, to react with 
DNA under physiological conditions. Probably the reason 
why the radiomimetic alkylating agents are such effective 
mutagens is because they can combine with the most vulner- 
able group in the DNA, the phosphate group. 

Esterification of phosphate groups is also the most pro- 
minent reaction when a nucleoprotein (herring sperm heads) 
is treated with nitrogen mustards. The protamine does not 
block the phosphate groups in such a way as to prevent 
alkylation. 

The polyfunctional alkylating agents, which are much more 
active, crosslink DNA. In dilute solution the crosslinks are 
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A COMPARISON OF THE REACTIVITY OF THE DISULPHIDE BOND 
IN WOOL AND PEPTIDES 

By P. Alexander* and W. Fox* 

{Manuaeript rectivcd March 0, 1955) 

Summari/ 

Oxidation of x'arlous cystine peptides by chlorine {pH 2 and 10) and 
potassium pcrmaneanalc <pH 2 and 9.2) failed to reveal any effect of the 
position of cystine in the peptide clialn on this reaction. The cystine of peptides 
also containinjj tyrosine is not completely oxidized by chlorine at cither pH, 
nor is it preferentially attacked by acid permanganate, although nen*tyrosine 
peptides ehow hoth these types of behaviour. The clear-cut division of the 
disulphide bonds in wool into 25 per cent, oxidizable by acid permanganate and 
hypochlorite, and 76 per cent, not thus oxidizable can therefore not be 
explained by the way in which they arc incorporated into the peptide chain, 
though the proximity of a tyrosine residue affects the reactivity of cj'stinc 
residues with oxidizing agents. 


I. INTRODUCTION 

Phillips and co-\vorkcrs (cf. Phillips 3D46) in their investigation on 
the reaction of wool with alkali found that the disulphide linkages appeared 
to be divided into two groups, one of which reacted more rapidly than the 
other. A similar behaviour was observed with other reagents such as 
sodium bisulphite and thioglycolHc acid and Pliillips ct ai (1946) claimed 
to have found some evidence for a further subdivision in the two main 
groups. Although other workers (e.g. Schuringa 1950) failed to confirm 
the earlier results in detail, there can be little doubt that not all the 
disulphide bonds react at the same rate with these reagents. Phillips 
tentatively ascribed these differences to variations in the polar amino acid 
on cither side of the cystine residues. The recent discovery made 
simultanously by Horio and Kondo (1956) and Mercer (1953) that there 
is a morphological division along the length of the fibre to produce a 
bilateral segmentation into ortho- and para-parts, may provide a satisfa^ 
tory explanation for the difference in reactivity. Fraser, Lindky, aii 
Rogers (1954) and l^Iercer (1954) have already proved that substances 
which react with the disulphide bond attack the ortho-part preferentia j- 
The para-part contains a higher proportion of cystine, and the increase 
amount of cross-linking so introduced renders this part less accessible. 

Alexander. Hudson, and Fox (1950) found that whereas chlorine 
dissolved in water at a pH less than 7 could oxidize all the disulphide bon s 
of wool, solutions of hypochlorite at pH 10 as w'ell as acidic solutions o 

• Chester Beatty Research Institute, Institute of Cancer Research, Royal Ca«cer 
Hospital, London, S.W.8. 
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REACTIVITY OF DISULPHIDE BONDS 
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In the present paper the authors report an investigation into the 
reactions of a number of different cystine peptides with oxidizing agents 
to determine whether variation in the side chain environment could 
intiuence the reactivity of the disulphide bond. Particular attention was 
paid to peptides containing tyrosine, since the tyrosine residues in wool 
show a behaviour towards oxidizing agents similar to that of cystine 
(Alexander and Gough 1951). Thus only 30 per cent, of the wool tyrosine 
is oxidized by hypochlorite although nil reacts with chlorine at pH 2, 
This suggested the possibility that the varying reactivities found may be- 
connected with the mode of linkage of these two amino acids. 


11. Experimental 
(o) Preixiralion of Peptides 

The method developed by Bailey (1950) was used. The N-carboxy 
anhydride of an amino acid was reacted with eguivalcnt amounts of an 
amino-acid ester and of a base (c.g. triethylamino) at -10 to 0°C. 


R.CH -CO + H,N.CHR'.COOC,H, 
i >0 

NH-CO + N(C,H,). 


R.CH,C0.NH,CHR'.C00C,H. 

NH.CO.O.NH(CjH,).. 


The carbamate was then decomposed by wanning to 80 to 40®C in 
vacuo or by the addition of acid. The volatiio base and carbon dioxide 
wore evolved, leaving the peptide ester or peptide ester hydrochloride. 

R . CH . CO . NH . CHU' . COOCjH, R . CH . CO . NH . CHR’C00C:H, 

j heat j 

NH-CO.O.NHtCiHO. NH, -f GO* -f N(C,H,h. 

Essentially the same procedure was followed for all the peptides. 
Table 1 gives the nitrogen analyses for peptides or for their ester hydro- 
chlorides. For clarity the formulae given are those of the free peptide. As 
an example the prepai'ation of di-DL-alanyl-L-cystinyibisglycine will be^ 
described. 

One mole of glycine ethyl ester was reacted with 1 mole of triethyl- 
amine and 0.5 mole of anhydrocarboxy-i<-cystine in dioxan for IQ^ 

The solvent was removed by heating to 0®C *n vacuo. The subsUtutw 
carbamate was then decomposed by heating in vacuo at 30 to 4p®C iof 1 
min. The L-cystinylbisglycinc ethyl ester was dissolved in chloroform* 
dioxan mixture and equivalent amounts of tricthylamine and anhypro' 
carboxy*DL-alanine were added. The same procedure as just descriw 
then gave DL-bisalanyl-l.-cystinylblsglycine ethyl ester. This was convene 
to the hydrochloride with ethereal hydrochloric acid and the 
recrystallized from an ethanoV-ether mixture, Dioxan-chloroform 
were used instead of chloroform in some instances to keep the volume 
solution as low as possible. 
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potassium peimauganatet couid react with only 25 per cent, of the cystine 
(see Fig. 1). In contrast to the Phillips fractions these obsei-rations are 
not due to rate effects, cystine analyses being performed only when all 
the chlorine or hypochlorite had reacted. After reacting with 25 per cent, 
of the cystine, hypochlorite and permanganate were reduced by other 
groups in the fibre. 

The cystine groups found with the oxidizing agents were not the 
same as those found by Phillips, so that when, for example, one of the 
Phillips’ cystine fractions was destroyed by alkali, 25 per cent, of the 



Fiff. 1. — The oxidation of combined wool cystioe with cWoi-ine 
at pH 2 and hypochlorite at pH 10. 

A, Theoretical curve assuminT oxidation to cystcie acid 
is the only reaction. 

B, At pH 2. 

C, At pH 10. 

remaining cystine reacted wth hypochlorite as iu untreated wool. A-s 
the 25/75 fractionation was found also in hair and in wool whose structure 
had been disoriented by breaking hydrogen bonds in supcrcontraction, we 
felt {Alexander, Hudson, and Fox 1950) that morphological or steric 
factors in the crystalline region could not be responsible. 

^ t Alkaline potassium permanganate'only oxidizes the 'vool cystine after the wool 
has become severely degraded due to attack on other groups. 
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Bis-L'tyrosyl-L-cyslino was prepared from the anhydrocarboxy-O- 
acctyl*L»tyrosino and L-cystInc ethyl ester and the preparation carried out 
as described above as far ns the peptide ester stage. This ester was then 
hydrolysed with an exact cqtiiv. of O.IN Ba(OII), for’ 1 hr at room 
temperature followed by neutralization with O.In H.SO,, filtering to 
remove BaSOi and concentrating in vacuo. Under these conditions both 
tlio acetyl and ethyl groups were hydrolysed oiT, and tlie free peptide 
obtained. It was found tlmt a better jwoduct was obtained when the 
peptide was tnhen to dryness on the steam-bath than when it was dried 
in vacuo. 

(b) Oxithlion of Peptides 

The oxidizing agent, bufTered where neccssarj', was added to 0.1 to 
0.15 per cent, solution of the peptide in 0.05N HCL 

(i) Chlovination at ;)// 2. — The required amount of chlorine solution 
was measured with a graduated 1 ml pipette, and made up to 5 ml with 
water. Tliis solution was added to 5 ml of tlie peptide solution in a conical 
Oask. A drop of cone. II-SO, was immediately added and the flask 
stoppered. 10 min was found to ho suflkicnt lime for the completion of 
tlie reaction. 5 ml of the solution was then used for analysis. 

(ii) Chlorination at pll 10. — To the required volume of chlorine 
solution wore added 1 ml of IM KIIiPO, solution and a known vol. of IN 
NaOII solution and the whole made up to 5 ml. Tlie vol. of NaOH required 
was determined in trial experiments by measuring the pH of such solutions 
wlicn added to 5 ml of peptide solution. The bufTered chlorine solution was 
added to 5 ml peptide solution in a conical flask which was then stoppered 
and reaction was allowed to take place for 10 min. At the end of this 
time 5 ml of the sohition was withdrawn for the colorimetric estimation 
of disulphide groups (sec section lie). 

(iii) Potassium fVrmnnprtna/c of pH 2. — The required amount of a 
neutral permanganate solution of known strength was made up to 5 ml. 
This was added to 5 ml peptide solution In a conical flask together with 
1 drop of cone. H.SO,. The flask was stoppered and reaction allowed to 
proceed for 15 min. At the end of this time, which was shown to be 
sufTicicnt, 5 ml of the colourless sohition were withdrawn for the estimation 
of disulphide. 

(iv) Potassium Permanganate at pH 0.2. — The required amount of a 
neutral permanganate solution of known strength was made up to 5 ml 
with O.IM borax sohition. This was added to 5 ml peptide solution in a 
flask. The flnslc was stoppered ami reaction proceeded for 15 min when it 
was shown that reaction was complete. The JlnOj W’hich had formed was 
flltorod oft and the solution analysed. 

(c) Estimation of Disulphide Content 

The colorimetric mctliod of Shinohara (1935) using phoapho-18- 
tungstic acid was employed since it had given very satisfactory results in 
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(2) L«Cystinylbisglycine: 

r NH, 

lHOOC.CH,.NH.CO.(i:H.CH,-S- 

{ 3 ) Bis-DL-alany I'L-cystinylbisglycine : 

rH,N.CH.<CH,).CO.NH.CH.CO.NH.CH,.COOH 

I (inj.s- 

As glutathione 

(4 ) L-Glutamyi-L*cystciny Iglycine : 

rH,N.CH.CH,.CH..CO.NH.CH.CO,NH.CH,.COOH. 1 

I ciooH (!:h,.sh J 

was available, its reaction with chlorine and sodium hypochlorite was also 
examined. 

In view of the similarity in behaviour of tyrosine and cystine, the 
reaction of 

(5) Cystinylbis-L-tyrosine: 

COOH NH: 

HO-C.H.-CH.iH.NH.CO.c!H.CHS- 
and 

(6) Bis*L-tyrosyl-L*cystine: 

NH, COOH 

I i 

HO-C,H,-CH..CH.CO.NH.CH.CH=.S- 
with oxidizing agents, was also examined. 

(a) Reaction with Chhrine and Hypochlorite 

If the mode of linkage affects the cystine reactivity, then it should 
prove possible to find a certain group of similarly constituted cystine 
peptides in which the disulphide bond reacts equally with chlorine at pH 2 
and sodium hypochlorite at pH 10, and another group of cystine peptides 
in which there is a marked difference in the reactivity of the disulphide 
bond with these two reagents. 

Two sets of experiments were devised to test this hypothesis. In the 
first, the total quantity of chlorine and hypochlorite respectively, required 
to oxidize all the combined cystine, was determined. In the second, the 
rate of loss of cystine and chlorine for oxidations at pH 10 was comp^^d 
for the three peptides since a difference in the rate of reaction at pH 
and 10 may in fact appear as a qualitative difference in the mixture o 
different peptides which make up a protein. 
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the estimation of cystine in protein hydrolysates. The reduction of the 
disulphide bond is carried out with NaHSO, and complete reduction is 
observed at pH 4.8 with cystine. For some of the peptides however, more 
alkaline solutions had to be used for maximum colour development. The 
pentapeptide bisalanylcystinylbisglycine reacted fully with phosphotungstic 
acid only at pH 5.7. The two tyrosine-cystine peptides, tyrosylcystino and 
bis (tyrosylalanyl) cystine however, required a still higher pH value for 
full colour development. The value of 86 per cent for the tyrosylcystino 
attained at pH 7 was probably a true maximum since it agreed with the 
cystine analysis after complete hydrolysis of the peptide. The very high 
colour value obtained with cystinyl-bis(alanyUyrosine) cannot be explained 


Table 2 

MAXIMUM COLOUR INTENSITIES OF SOME CYSTINE PEPTIDES OBTAINED WITH THE 
PHOSPHOTUNGSTIC ACTD REAGENT, WHEN REDUCED WITH BISULPHITE AT VARIOUS pH VALUES 



Colour Val. (Ct of calculated) 

After* 

Peptide 

pH 4.8 

pH 5.7 


Hydrolysis 
to Cystine 

L-Cystinylhisglycme 

07.1 

97.1 

— 


Bisglycyl'Vcystine 

Bis-Di/-aIanyPL- 

lOfi.O 

106.0 



cyatinylbisglycine 

81.4 

100.5 



Bis-L-tysosy\*Lrcystinc 

— 

63.7 

8C.0 

85.0 

t-Cystinylbis-L-tyroslne 

L'Cystinylbls-fOL-alanyl- 


I0C.5 

109.0 

102.0 

Hyrosinp) 

— 

152.5 

161.8 

lOD.O 

Glutathione 

- 

- 

84.2 

~ 


* Hydrolysed Nvith IGCi HCl for lil hr at 12‘>®C. 


since analysis after hydrolysis showed it to be pure. This peptide was not 
used in subsequent experiments and is included m Table 2 for comparison 
only. 


III. Results and Discussion 

To determine whether difTerences m reactivity of wool cystine with 
oxidizing agents could be attributed to its dilTcront mode of linkage in the 
peptide chain, the following representative peptides were studied: 

(1) Bisglycyl-L-cystine- 

[ coon 1 

Ih,n ch,.co,nh cii.ch.s-), 

(V) Bis-Di,-alanyl.i..cystmc: 

j coon 1 

Ih,K.CH(CH.)CO NH.CH CH:.S-L 
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With the two peptides containing both cystine and tyrosine, quite 
different results were obtained (Figs. 7 and 8). Chlorine at pH 2 still 
reacted specifically with the disulphide bond, though it reacted with 
tyrosine to a greater extent than it did with the ‘.‘indifferent” amino acids 
alanine and glycine. In the case of the three previously examined peptides 
for example, 10 mote (2 X theoretical) of chlorine at pH 2 attacked more 
than 95 per cent, of the cystine. In the tyrosine peptides this value has 
dropped to 83 per cent. The reaction with hypochlorite at pH 10 however 
was completely different to that occurring with the other peptides so far 
examined. At low chlorine concentrations, the reaction was quite specific 



Vig. 4.— Loss of combined cystine from 
bisaianylcystinylbisfflycine with cWot^ 
ine oxidation. 


A, Theoretical curve B, At pH 2. 
C. At pH 10. 



Fig. 5.— Loss of combined "cystine” 
from Blulathione with chlorine oxida- 
tion. 


A, Theoretical curve B, At pH 2. 
C. At pH 10. 


for cystine, and 1 mole (20 per cent.) of chlorine removed 22 per cent, of 
cystine. At about 2.5 mole (50 per cent.) of chlorine however, the curve 
begins to llatten out and the difference in cystine loss between 2.5 raok 
and 10 mole of chlorine is very small. Only 45 to 50 per cent, of the 
cystine was attacked at the higher concentration. 

While, therefore, both peptides reacted initially so that quantitative 
amounts of cystine were oxidized, the product which was formed during 
the reaction inhibited further attack of the hypochlorite on the cystine, 
a solution containing equimolar quantities of cystine and tyrosine, there 
was preferential oxidation of the cystine, both at pH 2 and pH 10 (see 
Fig. 9 ) ; even when the molar ratio of tyrosine to cystine was raised 
to 3: 1, the hypochlorite still reacted preferentially with the cystine 
Tabic 3) . The incomplete reaction of cystine in these peptides with chlorine 
at pH 10 arises, therefore, from its combination with tyrosine and is 
due merely to the presence of this amino acid. 
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The predominant oxidation undergone by cystine is the formation of 
the sulphonic acid: 

R.SS.E. + 5C1. + 6H,0 = 2RS0jH + lOHCl, 

that is, B mole of chlorine is required for the complete oxidation of 1 mole 
of cystine to cysteic acid. 

Figures 2 to 5 show that whereas both chlorine and hypochlorite oxidize 
all the disulphide bonds in bisglycylcystine, cystinylbisglycine, bisalanyl- 
cystinylbisglycine, and glutathione, only the first 20 per cent, of cystine 



Fig-. 2 .>»Los 3 of combined cystine from 
glycylcystine with chlorine oxidation. 
A, Theoretical curve B, At pU 2. 
C, At pH 10. 



Pig. 3.*~Loss of combined cystine from 
cystinylbisglycine with chlorine oxida- 
tion. 


A, Theoretical curve B, At pH 2. 
C, At pH 10. 


ia oxidized specifically at pH 2 and 10. Inspection of Figures 2 to 5 shows 
that oxidation of the disulphide bond by both chlorine and hypochlorite 
predominates up to concentrations which arc sufficient to oxidize more 
than half the available disulphide bonds. Chlorine at pH 2 is somewhat 
more specific. The theoretical curves refer to specific oxidation of the 
cystine to the sulphonic acid. 

The rate of disappearance of hypochlorite at pH 10 in reaction with 
peptides I, 2, and 3 was also studied (the reaction at pH 2 was too rapid 
in all cases) using sufficient chlorine to oxidize 90 per cent, of the cystine. 
Figure G shows that there is no .significant difference in rate between the 
different peptides. These two scries of experiments domomstrale therefore 
that the reactivity of the disulphide bond is the same in peptides whether 
the cystine is bound through the NH;*group, or the COOH-group, or 
through both. 
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tyrosine and large quantities are therefore required to oxidize the 
disulphide bond but surprisingly there is little difference between acid 
and alkaline solution. 



II 1 • >1 IM 

WlC Cl, KOUCCB 

Fig. 7. — Loss of combined cystine from 
bistyrosylcystine with chlorine oxida- 
tion. 

A, Theoretical curve B, At pH 2. 
C. At pH 10. 


•cit C4 tajea 

Fig. 8. — Loss of combined cystine from 
cystinylbistyrosine with chlorine oxida- 
tion. 

A, Theoretical curve B, At pH 2. 
C, At pH 10. 



note Cl, REDUCED 

Fig. 9. — Loss of cystine from a mixture (1 s 1 mole) of 
cystine and tyrosine with chlorine oxidation. 

A, Theoretical curve. B, At pH 2. C, At pH 10. 
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It is interesting to note that in wool the cystine i*esidue is oxidized 
by chlorine and hypochlorite at a rate only slightly greater than the 
tyrosine (e.g. 10 g chIorine/100 g wool at pH 2 oxidize 40 per cent, of the 
cystine and 27 per cent, of the tyrosine). In mixtures of tyrosine and 
cystine (see Fig. 9 and Table 3), the latter is oxidized preferentially. 
This difference is probably due to the fact that the rate of the actual 
chemical reaction does not determine the rate of reaction in the fibre which 
is diffusion-controlled (Alexander, Gough, and Hudson 1951). 



Fip G. — Hate of loss of combined cystine from three 
>Mth 4.5 mole Clj/mole cystine. 


peptides otidized 


I Il.s.lanylcyslmo (poptMc 1) 0 Cystmylbiaglycin. 2) 

A BisalanylcystinylbiSKlycine (peptide 3). * 


,, /v.uenoRi wmunffawtfC 

I ciTnanganato in acid solution ranwiK' n*..* e 
ttisuliihiilo bond HI tho peplidos (Tibln I)* oiid/zes ti? 

At pll 9.2 ,1,0 rcnctio.Unm'ob SS 

The behaviour of the tvrmm« ^ 

ntid and alkalino „f pcS ''*'' BAl 

itcrmanganafe react pre/ere^*£ 2 r- 
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Cystine oxidation with permanganate is also different in the two 
groups of peptides; in the non-tyrosine peptides cystine is preferentially 
oxidized by permanganate in acid solution, but at pH 9.2 other reactions 
occur and a proportionally greater amount of oxidizing agent has to be 
used to obtain a similar degree of oxidation. In the tyrosine peptides 
cystine is not attacked preferentially either in acid or alkali, but with 
large excess of reagent it can be oxidized to roughly the same extent in 
acid and alkali. 


Tab££ 4 

CYSTINE LOSS IN PEPTIDES AFTER TREATMENT WITH PERMANGANATE 


Substrate 

KMn 04 Mole/Mole 
Combined Cystine 

Disulphide 

Loss 

(%) 

Cystinylbisglycine 

2.4 at pH 2 

96.2- 


4.0 at pH 9.2 

70.1 


C.6G at pH 9.2 

88.1 

BisGlycylcystine 

2.4 at pH 2 

95.0 


4.0 at pH 9.2 

77.6 


C.C6 at pH 9.2 

02.5 

nisAlanylcystinylbisglydne 

2.4 at pH 2 

97.5 


4.0 at pH 9.2 

62.2 


C.66 at pH 9.2 

74,0 

BlsTyrosylcystine 

2.4 at pH 2 

32.8 


4.0 at pH 2 

61.6 


4.0 at pH 9.2 

38.0 


C.C6 at pH 9.2 

53.8 

Cystinylbistyrosine 

2.4 at pH 2 

14.4 


4.0 at pH 2 

42.7 


4.0 at pH 9.2 

48.9 


6.6G at pH 9.2 

58.2 

Cystine-tyrosine mixture 

2.4 at pH 2 

16.5 

<1 : 1 mole) 

4.0 at pH 2 

41.7 


4.0 at pH 9.2 

35.2 


6.66 at pH 9.2 

59.0 


• Theoretically 2 mole permanganate at pH 2 and 3.33 mole 
at pH 9.2 are required to oxidize I mole cystine to cysteic acid 


CJearJy these experiments do not allow one to identif}' the Jess reactive 
<25 per cent.) fraction in wool with cystine linked to tyrosine, the 
remainder being linked to other amino acids. On the other hand, it is cleat 
that whereas the mode of incorporation of cystine into simple peptides 
does not determine its reactivity \vith oxidizing agents, the proximity of a 
tyrosine residue does. Wc believe this to be of some relevance to woo . 
since both these amino acids show similar variations in reactivity. It i® 
not to be expected that one can obtain complete correlation between the 
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(c) Products of Oxidation 

In order to characterize the oxidation products the peptides were 
treated with peracetic acid to form the corresponding cysteic acid peptides. 
In the case of cystinyldiglycine and diglycylcystine the Rr value of the 
oxidation products was checked with that obtained by Consden and Gordon 
(1950). The specificity of peracetic acid for the disulphide bond was 
demonstrated when paper chromatograms of glycyltyrosine, tyrosylglycine, 
glycyltyrosylglycine, and the y-methyl ester of glutamylgiycylgiycine, after 
treatment with this reagent, revealed only spots due to the original peptide. 

Chromatograms of cystine peptides oxidized with chlorine revealed 
spots in addition to those duo to the original peptide and the cysteic acid 

Table 3 

CYSTINE LOSS OF TYROSINE-CYSTINE PEPTIDES AND TYROSINE- 
CYSTINE MIXTURES 

Treatment with 7.5 mole chlorine per mole cystine at 
pH to 


Substrate 

Cystine loss 
% 

Bistyrosylcystine 

45.0 

Cyslinylbistyrosine 

48.5 

Tyrosine-cystine (1 : 1 mole) mixture 

85.9 

Tyrosine-cystinc (3 : 1 mole) mixture 

CL5 


analogue. It Is unlikely that they were duo to intermediate cystine oxida* 
tion products wl\cn a substantial excess of oxidizing agent was used, and 
they are probably duo to reaction with other centres in the peptide. 

IV. Conclusion 

If the dilTercnco in reactivity with oxidizing agents of the disulphide 
bonds in wool wore related to their method of incorporation in the peptide 
chain one might ideally expect to fmd two typos of cystine peptide*. 
(1) Those (25 per cent, in wool) in which the cystine is oxidized by acid 
chlorine, hypochlorite, and acid permanganate; (2) tlioso (75 per cent, in 
wool) which arc oxidized by chlorine at pH 2, but only verj* slowly or not 
at all by hypochlorite and permanganate. Both groups should react only 
verj' slowly with alkaline permanganate which only oxidizes wool-cystino 
after extensive reaction with other centres. The cystine peptides studied 
do not fall into two such clear-cut classes but there arc nevertheless 
dilTcrcnces amongst them. 

The cystine was equally readily oxidized in all peptides not containing 
tyrosine. Incorporation of this residue led to incomplete oxidation by high 
concentrations of hypochlorite. Tim initial complete cystine oxidation with 
low hypochlorite concentrations appears to form some product whicli 
••protects” the remaining unrcactctl disulphide bonds. 
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JIACnOMOLECULAU STRUCTURE OF WOOL : THE TERMINAL 
AMINO ACIUS OF THE FRACTIONS OBTAINED AFTER 
OXIDATION WITH PERACETIC ACID 
By P. Alexander* and L. F. SMiTiit 

(Moniiicrtpt rfcelred MarcJi 0, 1935) 

Summary 

The preparation of «•, fl-, and y* Kcrstofcs by treating wool with dilute 
peracetic acid and extracting with ammonium hydroxide is descnbcil. The 
N-terminol amino acids of these protein extracts and fractions prepared from 
them arc compared with those of whole wool usint: the DNFB reaRcnt of 
SanRcr. The average chain welRht determined in this way is compared with 
molecular weights determined hy physical mctho<ls. It Is suRRcstcd that 
n-kcratose is derived from the micelles or subfibrils, y*keratosc from the 
intermiccllar substance which cements the whole together throuph disulphide 
bonds, and /I*kcratosc from the cell membranes surroundinR the cortical cells. 


I. Introduction 

One of the fundnmenlat problems in the chemistry of wool is the 
charncterizntion of the proteins which mnkc up the bulk of the fibre. The 
morpholosj* is known to bo complex nnd even non^moduUnted fibres consist 
of n very large number of individual cells of several clearly distinct tj^cs. 
These cells were at one time alive, with an active cytoplasm and nucleus 
containing a full complement of enzymes, structural proteins, nucleic acids, 
fats, minerals, nnd molabolites. All these substances must be present in 
the wool fibre, although undoubtedly only in small quantities since during 
the course of their development the hair cells become filled with the 
specialized proteins which eventually harden into keratin when the cells 
die. There can be no doubt that this special material completely swamps 
the cells and eventually comprises about 90 per cent, of their mass. The 
nuclei of the ceils can be clearly seen as black spots in the "membrane 
which remains behind after peracetic acid-ammonia extraction and which 
hlevcer (1953) has slmwn to be made up of the membranes surrounding 
the individual cells. The whole cycle of the biosynthesis of wool 
from ordinary cells substantially free from keratin to the final "fossilized 
cell of keratin has been revealed by Mercer (unpublished) in an electron 
microscopic investigation. 

In this paper we arc concerned only w’ith the different proteins which 
make up the keratin filling the cells. Tliis material is present in the form 
of fibrils, the existence of which was first revealed by micro-manipulation 
under the light microscope by Hock, Ramsay, and Harris (1941). 
fibrils can be broken down further into subfibrils visible only in the 

• Chester Beatty Research Institute, Institute of Cancer Research, Royal Cancer 
Hospital, London, S.W.3. 

t Department of Biochemistry, The University, Cambridge. 
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behaviour of cystine in simple peptides in solution and in wool where the 
reaction is hetereogenous and the rate process is diffusion-controlled. 
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7 -keratose acts as an intemicellar cement (a cement between the sub- 
fibrils) from the fact that this material is the first to be extracted from 
partially oxidized fibres. 


II. Experimental 
(a) Preparation of Wool Fractions 

Wool fabric knitted from a high quality Botany yarn, which had 
received no prior treatment other than mild scouring with ammonia to 
remove wool grease and dirt, was washed and extracted in a Soxhlet with 
ethanol and ether, and air dried. The wool was oxidized with a 1.6 per cent, 
(w/v) solution of peractic acid (liquor/wool ratio 50: 1) which had been 
diluted from a 46 per cent, (w/v) stock solution prepared by the method 
of Greenspan (1946) from 90 per cent H 2 O 2 . After 25 hr, during which 
it had been shaken at intervals, the wool was thoroughly washed in 
distilled water and air dried. The peracetic acid contains HjSOi which 
tends to be bound to the wool, giving erroneously high values for the 
sulphur content of the fractions. It is of the gi'eatest importance to 
ensure that all SO, ions are removed from the oxidized wool by washing 
before proceeding to the next stage. After this the oxidized wool was 
dissolved in either 3 n or O.lN NH,OH for 12 hr, using a liquor ratio of 
200:1. On shaking, the fibres slowly disintegrated, giving a viscous 
solution. The residue (/0-keratose) was removed by centrifugation and 
washed repeatedly with dilute NH 4 OH until no precipitate was formed on 
acidifying a portion of the supernatant liquor. Finally, it was washed 
free from alkali and dried in a vacuum desiccator. 

The brown viscous supernatant liquor still contained very finely 
divided material in suspension and this was removed by filtering, firstly, 
through a No. 4 sintered funnel and, secondly, through a porcelain filter 
candle of pore size 0.2 n. Excess ammonia was removed under vacuum 
and the solution was brought to pH4 by the addition of HCl and the white 
curd-like precipitate centrifuged off and washed with distilled wafer iinfil 
free from Cl" ions. This fraction was called “whole a”. The supernatant 
liquor contained NH^Cl and protein material soluble in both acid and 
alkali and this fraction was called the ’V’ fraction. It could not be 
precipitated from solution by acetone or trichloroacetic acid. The y* 
keratose together with a quantity of NH 4 CI was obtained by freeze drying 
the solution. The protein content (of the order of 50 per cent.) was 
determined by analysing the solid for chloride, which gave the amount of 
NHiCl present. If the H 2 S 04 in the peracetic acid was not completely 
removed it appeared in this fraction as (NH 4 )zS 04 which could readily be 
detected with BaCU which does not precipitate the cysteic acid peptides. 
From a number of preparations the yield for a, p, and y-fractions were 60, 
10, and 30 per cent, respectively. 

(i) Further Fractionation of a-Kcratose . — An attempt was made to 
fractionate a-keratose by fractional precipitation from concentrated urea 
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electron microscope. Immediately after its formation the keratin can be 
dispersed in solvents that break hydrogen bonds but in the fibre itself 
it is completely insoluble, having become hardened by the formation of 
disulphide cross-links into the complex entity referred to as keratin. 

To study the macromolecular constitution of keratin it is therefore 
necessary to break the disulphide bonds by a reagent which does not 
produce main-chain degradation by attacking peptide bonds. Further, to 
render the resulting products soluble in water near the neutral point, 
it is necessary to introduce additional ionizing groups. For example, 
reduction of the disulphide bond to two sulphydryl groups does not render 
keratin soluble in water at pH 7, the reduced product will dissolve only in' 
alkaline solution when the — SH group becomes ionized or in, solvents, 
such as concentrated urea solutions, that break hydrogen bonds. Sanger 
(1948) solved a similar problem by using performic acid to oxidize the 
disulphide bonds joining the polypeptide chains of insulin. This reagent 
converts the disulphide bond into two sulphonic acid groups 
R— CHj— S— S— CHj— R 2R— CHjSOaH, 

without attacking the peptide bond; the only other amino-acid residues 
attacked are those from tryptophane and methionine. Performic acid, 
however, is an unstable material which decomposes when diluted with 
water and is not very suitable for treating wool that is severely modified 
by the concentrated formic acid in which the performic acid is dissolved. 
A much more suitable reagent was found to be peracetic acid (Alexander, 
Hudson, and Fox 1950) which is relatively stable even in very dilute 
aqueous solution so long as the pH is less than 7. In its chemical reactions 
it is as specific as performic acid but in dilute aqueous solutions will be 
much less harmful than performic acid dissolved in concentrated formic 
acid. 

After oxidation of all the disulphide bonds with peracetic acid, 90 
per cent, of the wool becomes soluble in solutions of pH > 8 and in this 
way it has been separated (Alexander and Earland 1950 ; Alexander 1951) 
into a number of fractions which are referred to as keratoses since they 
are derived from oxidized keratin. The /?-keratose was believed by us to 
consist of a membrane originally situated between the scales and the cortex 
but Mercer (1953) showed that it was in fact a honeycomb structure made 
up of the membranes from all the cells which make up the fibre. From 
study of the mechanical properties and crystalline structure of wool that 
has been treated with peracetic acid, and in particular from its super- 
contraction behaviour, we deduced that the fibrils were made up of 
aggregates of high molecular weight proteins (a-keratose) set in a cement 
of the cystine-rich proteins of lower molecular weight (y-keratose). 

In earlier publications we reported the physical properties of these 
different fractions (cf. Alexander and Hudson 1954) ; their characteriza- 
tion by determination of the N-terminal amino acids forms the subject of 
this communication. Further evidence is adduced for the hypothesis that 
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acid, and water. The weight increases of wool and j5-kevatose were 10 
and 8 per cent, respectively. Only about 80 per cent, of the n*keratose was 
precipitated as a result of the DNFB treatment, while almost all the 
y-keratose remained in solution. The precipitates were not separated and 
the mixture treated as a whole. The latter was therefore treated as if it 
were made up of soluble DNP proteins. The ethanol was removed "by 
evaporation under vacuum at 40°C and unreacted DNFB was extracted 
with ether. By using the continuous extraction apparatus designed by 
klills (1952) the problem of breaking the stable emulsion between ether 
and the protein solution was overcome. The mixture was acidified with 
dilute HCl when the dinitrophenol formed by hydrolysis of DNFB could 
also be extracted with ether. The residual solution and precipitate was 
evaporated to dryness under vacuum. The DNP proteins were hydrolysed 
by Middlobrook’s (1931) procedure by refluxing for 24 hr with 5.7N HCI. 

Separation of DNP Amino yields. — “After hydrolysis the solution 
was filtered, diluted with water, and extracted with ether until the ether 
layer remained colourless. The extract containing the q-DNP amino acids 
as well as dinitrophenol and dinitroanilinc from the breakdown of DNP 
amino acids, was washed with a small quantity of IN HCl and then 
extracted with a 1 per cent, solution of NaHCOj. Only the DNP amino 
acids and dinitrophenol went into tlio NaHCOj solution, which was acidified, 
re-extracted with ether and the ether-soluble material taken to drjmess. 
This material was then used directly for fractionation, which was carried 
out on bulTered columns of a kicsclguhv marketed as CcUte 545, ethyl 
acetate being used as the mobile phase to give much better separations than 
ether or chloroform. All the cnd-gioups in wool except DNP-valine could be 
separated on two columns. DNP-valine could not bo separated from dinitro- 
phenol on ethyl acetate columns. This separation was achieved by using 
a chloroform column at pH 6.4. The add soluble DNP amino acids were 
fractionated on columns buftered at pH 6.4 using water-saturated 30 per 
cent, butanol-chloroform as the mobile phase. When the DNP-vaUne plus 
dinitrophenol band had been eluted and taken to diyness it was not very 
soluble in chloroform. It was found that if the residue was acidified with 
a drop of concentrated HCl and some solvent added, the whole being taken 
to dryness, then the band would dissolve readily in the solvent once more. 

The ether soluble DNP amino acids were first fractionated on an ethyl 
acetate column pH 7.4, when the following bands were obtained: 

Rr* 

DNP-aspartic acid, DNP-glutamic acid 


DNP-serine, DNP-threonine Slow 

DNP-glycine 0*25 

DNP-alanine 0*4 

DNP + DNP-valine 1-0 

Artefact 1 4*4 

DN-aniline 4-® 


* Rr — Distance travelled by band/distanee travelled by liquid surface. 
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solution. Whole «-keratose (8 g) was dissolved in 450 ml of saturated urea 
solution. The solution was brought to neutrality with 2n KsSO^ and 11 ml 
of 2n HjS 04 added in excess. Water (330 ml) was added and the pre- 
cipitate filtered off ; the filtrate was diluted to 2,000 ml and allowed to 
stand overnight after the addition of 27 ml of HjSOi. A further precipitate 
(first a) was filtered off and washed. The first precipitate was treated 
again in the same way, the first precipitate being refractioned and the 
second precipitate (second «) washed. This was repeated two more times, 
the first precipitate of the last fractionation (fifth a) being collected. The 
fifth a fraction would be the high molecular weight material and the first a 
the low molecular weight material if whole a-keratose were not homo- 
geneous. 

(ii) Extract from Partially Oxidized Wool. — Alexander, Fox, and 
Hudson (1951) studied the relation between, the amount of cystine oxidized 
in the fibre and the solubility of the fibre in dilute alkali. The shape of the 
graph obtained varied with the oxidizing agent used. With peracetic acid 
the solubility remained constant at about 10 per cent., while the amount of 
cystine oxidized was increased from 20 to 75 per cent. When more than 
76 per cent, of the cystine was oxidized the solubility increased rapidly 
to 90 per cent. The shape of the curve using peracetic acid suggests that 
there is an initial stage when part of the fibi*e is preferentially oxidized, 
after which a more random oxidation takes place. 

The wool fabric was oxidized by shaking for 0.5 hr at room tempera- 
ture with a 1.6 per cent, solution of peracetic acid (liquor ratio 50:1) 
to oxidize about 50 per cent, of the cystine. It was then cut up into small 
pieces and treated with O.lN or 3N NH,OH overnight. The mixture (con- 
taining about 90 per cent, of the fibres undissolved) was placed in a 
Waring blender, homogenized, filtered, re-extracted in the blendor and 
filtered again. Excess NH,OH was removed from the filtrate under 
vacuum. On acidification to pH 4 a faint precipitate was formed, which 
was centrifuged off. The supernatant solution was freeze-dried. The 
protein content of this material represented 7 per cent, of the original 
wool. 

(5) Determination of Terminal Amino Groups 

Wool or the wool fractions (0.5 g) was treated with a solution made 
up of 0.5 g NallCOj in 12.5 ml water and 0.5 ml dinitrofluorobcnzono 
(DNFB) in 25 ml of ethanol. The absolute quantities used depended 
on the amount of protein required to give a suflicient quantity of DNP 
amino acids to separate on the columns. With whole wool this was 
about 1.5 g while for the lowest molecular weight fractions only 0.3 g was 
ncccss.'irj’. Wool and the insoluble /3-fraclion wore treated for 2 days at 
•lO'C with intermittent shaking. To the «- and y-fractions dissolved In 
the bicarbonate solution DNFB in ethanol was added and shaken for 2 hr 
at -tO'C. Excess DNFB as ^^oll as Its hydrolysis products were removed 
from ordinary wool and /?-kcrato.<»e by washing with ethanol, dilute acetic 
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wool was measured by lliddlebrook (1951). The value for DNP-glycine 
was determined by Sanger (1945). 

III. Results 

(a) End-groups in Whole Wool 

The end-groups of whole wool were determined, using the DNFB 
method, by Middlebrook (1951) who found an average chain weight 
(ACW) (i.e. the average size of polypeptide chains terminated by an 
amino group) of 59,000 and a total of seven Af-terminal amino acids. We 
found the same f'7-terminal amino acids present in approximately the same 
ratio but their total quantity gave an ACW of 86,000 (see Table 1). 


Table 1 

N-TERMINAL AMlHO ACID COMPOSITION OF WHOLE WOOL 
MoIe/IO* protein 


Teminal Amino 
Acid 

Duplicate Estimations 

Average 



Aspartic acid 

0.6 

0.4 

0.5 

Glutamic acid 

1.0 

0.8 

0.9 

Serine 

1.1 

1.0 

1.05 

Threonine 

3.3 

3.1 

3.2 

Glycine 

4.1 

3.5 

3.8 

Alanine 

1.1 

1.1 

1.1 

Valine 

0.95 

1.0 

1.0 

Total 

12.15 

10.9 

11.55 

ACW 



86,000 


This discrepancy in ACW is not as serious as it appears since some 
of the DNP amino acids arc destroyed in part during the hydrolysis and 
this loss is corrected by experimentally-determined values for the per- 
centage decomposition. Such values are likely to be sensitive to slight 
differences in the conditions of hydrolysis. 

(b) End-groups tn n-Keratose 

'iSvo kinds of preparation were studied, in which the oxidized wool 
was extracted with 3n NH^OH (referred to as a — 3n) or else with O.IN 
NH 4 OH (a — O.In). As can be seen from Table 2 there was no significant 
difference either in the total number of end-groups (i.e. in the ACW) or 
in their relative proportions. 

The reproducibility of the results was satisfactory and in a number 
of independent determinations the variations for the individual W-terminal 
end-groups did not exceed 15 per cent, and the variation in ACW was 
considerably less. A notable feature of these results (this applies also to 
the end-group analyses of the p- and y-fractions) is that the same seven 
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The bands comprising the DNP derivatives of glycine, alanine, and 
valine (with DNP) were collected separately and DNP derivatives of 
aspartic acid, glutamic acid, serine, and threonine eluted by adding a small 
amount of glacial acetic acid to the eluant. 

The dinitrophenol and DNP-valine were fractionated on a chloroform 
column at pH 6.4 giving these bands: 



Rr 

DNP-valine 

0.8 

Artefact 2 

1.1 

Dinitrophenol ■ 

1.4. 


The DNP derivatives of aspartic acid, glutamic acid, serine, and 
threonine, which were separated on an ethyl acetate column buffered at 
pH 5.9, moved as follows: 

Rr 


DNP-aspartic acid 0.1 

DNP-glutamic acid 0.25 

DNP-serine 0.6 

DNP-threonine 0.9. 


The acid soluble DNP derivatives were fractionated on 30 per cent, 
butanol-chloroform columns at pH 6,4 giving: 

Rr 

DNP-lysine 0.8 

Artefact 3 *1.5 to 1.8. 

After elution, the material from the different bands was freed from 
soh*cnts by evaporation to dryness and was redissolved in 1 per cent. 
NaHCO, for estimation in a spectrophotometer at 350 m^ (Sanger 1949). 
As shown in the tables above, three bands were obtained which could not 
be accounted for as known DNP amino acids. Two tests were applied 
to these bands to show that they were not DNP amino acids, (a) the ultra- 
violet absorption spectra of 2 and 3 were not those of typical DNP amino 
acids; (b) Lowther (1951) had shown that the original amino acid could 
be regenerated from a DNP amino acid by heating with concentrated 
Nil, Oil for 2 hr at 100®C. When these bands were treated in this manner 
and run on chromatograms, no amino acids were obtained. Blackburn 
(1919) had earlier noted the presence of artefacts in hydrolysates of 
DNP wool. The artefact bands 1 and 2 may be produced by non-keratin 
material originating from the cellular material such as nucleic acids and 
carbohydrates. 

The acid-soluble fraction was investigated qualitatively only, to see 
if additional bands appeared during the fractionation. Tl\o liquors in 
which the wool and wool fractions were treated were examined for free 
DNP amino acids, but none \vcro detected. 

Tl)o DNP amino acids arc partially destroyed during the hydrolysi.s 
of the DNP protein and corrections had to be applied to the final results 
to allow for this. The breakdown of the DNP amino acids present in DNP 
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O.lN NH,OH. This difference is accounted for by an almost fourfold 
increase in DNP-serine in the preparation obtained by using the more 
concentrated alkali. 

The increase in DNP-serine in the y-fraction prepared using strong 
NH*OH can occur in two ways: 

(i) A low molecular weight peptide having an N-terminal serine 
residue may be split from chains in the a- and yj-fractions. This polypeptide 
with the N-terminal serine then passes into the y-fraction. 


CHjOH R’ R" 

NH,-(i:HCO NHfllHCONHiHCO ... 

4 

CH,OH R- E" 

NH,-(i:HCO NH (!:H CO.H + NH, llH CO. . . 


(ii) A peptide bond in which the amino group of a serine residue is 
involved is broken by the strong ammonia. The peptide undergoing 
hydrolysis in this way would cither have to be in the y-fraction or, if in 
the O' and /3*fractions, to be of low molecular weight and to pass into the 
rfraction after hydrolysis. 

R CHtOH R 

. . . NH in CO NH in CO nh co (!:h nh. 

4 

R CH,OH R 

. . . NH in CO.H + NH, ilH CO . . . NH CO (ilH NH, 

The first mechanism can be eliminated since the numbers of N* 
terminal serine residues in «• and ^e-kcratose, either alone or combined, 
are insufficient to cause the observed increase. 

To establish in which of the wool fractions the ammonia produced 
the peptide bond breakdown at the serine residue, whole wool as well as 
a-, P-, and y-keratosc isolated with O.lN NH.OH were treated for 12 hr 
at room temperature with 3 n NH.OH before determining their DNP end- 
groups in the usual way. Treatment with NH,OH of intact wool as well 
as of the fractions isolated with O.lN NH,OH did not produce any increase 
in DNP-serine and the end-group analysis is within experimental error 
unchanged (the values for the y-fraction are given in Table 3). 

It is well known that the peptide bond formed by the a amino group 
of serine is much weaker than the peptide bonds formed by other amino 
acids. Desnuelle and Casal (1948) found that when proteins were treated 
with ION HCl at 30®a 20 to 30 per cent, of the serine and threonine 
a-amino groups were liberated after 1 hr. Only very few other ammo 
groups appeared. At lower temperatures the reaction was still more 
specific. Unfortunately no comparable data is available for alkalme 
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amino acids are present as end groups in the different fractions as in 
whole wool although in different proportions and total amounts. 

In earlier publications (Alexander 1951) we have reported that 
a-keratose was not electrophoretically homogeneous but contained a small 
proportion of a slower moving component of lower molecular weight which 
could be removed by precipitation from urea solution. In the present 
preparations no such component was found when the initial preparations 
were carried out slowly and the contaminant was probably part of the 
y-keratose fraction brought down with the main a-fraction. The end-group 
analysis shows that a-keratose giving a single electrophoretic peak is not 
homogeneous and a fractionation is possible. The analysis shown in Table 
2 establishes that some separation has been achieved and the first and last 


TABtE 2 

N-TERMWAl. AMINO ACID COMPOSltlON OP THB a- AND P-KBRAIOSB PRACTIOSS OF VfOOi. 
JIole/10® g of protein 


Terminal Amino 
Acid 

(8'3N 


a-$N 

o-O.lN 

Ist 

o'Praction 

5th 

fl-Fraction 

Aspartic acid 

1.3 

1.2 

0.9 

1.05 

1.0 

1.2 

Glutamic acid 

8.1 

3.4 

2.5 

2.5 

2.1 

2.1 

Serine 

2.8 

2.7 

2.0 

2.1 

2.7 

1.8 

Threonine 

1.2 

0.8 

2.15 

2.4 

2.7 

1.5 

Gireine 

8.75 

10.0 

5.8 

5.7 

7.6 

6.0 

AUnine 

2.8 

2.6 

1.5 

2.1 

1.7 

1.4 

Valine 

1.8 

2.1 

1.2 

1.2 

0.45 

0.6 

Total 

21.85 

22.8 

16.85 

17.05 

18.25 

13.6 

ACW 

45,700 

43,900 

69,400 

58,600 

64300 

73,500 


fractions differ significantly in their terminal amino acids although the 
procedure clearly does not result in the isolation of a uniform material. 
The fifth fraction would be expected to be of higher molecular weight 
and this is borne out by the ACW. 

(c) End-groups in /3-Kcratose 

There is no significant difference between the extraction of /?-keratose 
with O.lN and 3 n NH^OH (Table 2). With the dilute ammonia however 
the insoluble p-keratose cannot be freed completely from soluble material 
and as much as 14 per cent, of the original wool may be present in this 
fraction. With 3 n NH^OH this is reduced to 10 per cent. The contaminants 
of the p-O.lN give rise to soluble DNP products which are not included in 
the final analysis. 


(d) End-groups in -y-Keratosc 

Table 3 shows that, unlike a- and ^-kcratosc, there is a profound 
difference in the ACW of the y-kcratoses obtained by solution in 3N and 
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hydrolysis but it may be that the peptide bond adjacent to a serine residue 
is labile under these conditions also. A possible explanation for the ability 
of NH*OH to liberate certain serine end groups in oxidized wool only and 
not in the fractions isolated from oxidized avooI may be found in the 
observation by Alexander, Fox, and Hudson (1951) that the disulphide 
bond is oxidized in the fibre to an unstable cyclic sulphonamide, this ring 
opening during the dissolution process to give cysteic acid. This reaction 
may alter the susceptibility of the peptides to hydrolysis. 


Table 3 

N-TERMINAL AMINO ACID COMPOSITION OF THE y-KERATOSB FRACTION OF WOOL 
Mole/10** g of protein 


Terminal Amino 
Acid 

7-3n 

y-0.lN 

y*0.lN 

treated 

with 

3n NH 4OH 
for 12 hr 

yi*3N 

T2-3N 

yrO.lN 

Aspartic acid 

1.5 

1.3 

1.4 

2.0 

2.8 

1.4 

Glutamic add 

4.3 

5.2 

5.7 

6-55 

7.6 

5.8 

Serine 

14.8 

4.4 

3.6 

13.05 

14.7 

4.3 

Threonine 

8.3 

7.45 

8.7 

8.75 

9.4 

6 25 

Glycine 

10.4 

8.6 

7.1 

12.6 

Lost 

9.6 

Alanine 

5.6 

4.45 

4.0 

6.95 

Lost 

4.9 

Valine 

4.8 

3.9 

4.8 

6.3 


3.3 

Total 

49.C 

35.3 

35.3 

66.2 


35.65 

ACW 

20,200 

28,300 

28,300 

17,800 


28,100 


A partial fractionation of y-keratose was obtained by dialysis through 
cellophane tubing obtained from the Visking Corporation, U.S.A., as 
follows: 

a + ykeratose in NH«OH 


Dialyse against NH«OH 


Dialysable fraction 
(y, + NH,OH) 


Non-dialysable fraction 

] Acidify to pH 4 


Remove NH 4 OH 
under vacuum 


Precipitate 


Solution 
(y* + NH.Cl) 

j Remove NH 4 CI 
! by dialysis 

yi (isolated by 
freeze drjung) 
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3 to 14 residues/lO” g. There seems to be no reason why this low value 
should not be real, since whole wool and the two other fractions both 
have AT-terminal serine residues. 

The total number of end groups found in the fractions (Table 6) is 
very nearly double that found by us in intact wool (Table 1). It is however 
most unlikely that this is due to peptide bond breakdown since no new 
end-groups are found in any of the fractions and, except for threonine, 
the end-groups are present in the same proportions as in w'hole wool. 
The most likely explanation would appear to be that a proportion of the 
end groups are sterically inaccessible to DNFB in the fibre itself. Thus 
we had earlier shown (Alexander 1951) that only 75 per cent, of the 
tyrosine hydroxyl groups present in the fibre could react with DNFB. 
This observation has been confimicd by Zahn and Wiirtz (1952) and 
extended to collagen. Porter (1948) first observ’ed that in some native 
proteins, only part of the e-amino groups of lysine could react with DNFB 
and this has now been found to apply also to collagen and silk (Zahn and 
Wegerle 1954). 


(b) Molecular IVeioht of the Subfractions 

Physicochemical methods (Alexander 1951) gave a molecular weight 
(ilf») of 67,000. This value is a weight average whereas the ACW 
obtained in the present work gives a number average molecular weight 
(Jl/n), For a homogeneous material = it/,. In heterogeneous materials 
for example a mixture containing a random distribution of 
molecules (as often found in simthetic macromolecules) « 2A/«. The 
fractionation in urea (Table 2) proves that the polypeptides in o-keratose 
besides differing in end groups also vary in molecular weight. The fact 
that the ACW (69,000) is so close to the Mu of 67,000 shows that the 
variation cannot be very great and the range of 55,000 to 73,000 found 
in the fractionation by urea may M'ell represent the extremes. 

For the insoluble jO-keratose the ACW represents the only information 
concerning the length of the chains and no comparison with other 
measurements is possible. 

The end-group analysis for y-keratose indicates an ACW of 29,100. 
There are reasons for believing that this is not the true molecular weight. 

(i) It is readily dialysable. Only 18 per cent, remained as non* 
dialysable residue after three days. If it had a molecular weight 
of 29,000 it should be non-dialysable. 

(ii) It cannot be precipitated from solution by acetone or trichloro- 
acetic acid. 

(iii) Diffusion experiments indicated that it is heterogeneous having 
a molecular weight less than 4,000. 
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(/) Elementary Analysts of the Wool Fractions 
Alexander and Earland (1950) showed that the major part of the 
sulphur in wool was found in the y-fraction as cysteic acid and that the 
a- and /3-fractions contained a smaller percentage of sulphur than the 
original fibre. Table 5 summarizes the analysis obtained with the fractions 
studied in this paper. 

The further fractionation of a- and y-keratose has obviously achieved 
some separation and the material of lowest molecular weight yi, and of 
highest molecular weight, a (5th urea fraction), have the highest and 
lowest sulphur content respectively. 

IV. Discussion and Summary 
(a) Peptide Bond Breakdown during Fractionation 
To obtain information about the macromolecular structure of wool 
from the fractionation of oxidized wool it is necessary to establish that no 

Table 6 

END-CROUP COMPOSITION OF WHOLE WOOL A3 DETERMINJai FROM THE THREE 
KERATOSE FRACTIONS a, P, AND y 

Mole/10* g protein 


Terminal Amino 
Acid 

60%-<* 

10%-/? 

80%-y 

Total 

Aspartic acid 

0.58 

0.127 

0.375 

1.1 

Glutamic acid 

1.62 

0.847 

1.59 

8.6 

Serine 

1.2 

0.28 

1.185 

2.7 

Threonine 

1.43 

0.118 

2.256 

3.8 

Glycine 

3 28 

0.888 

2.676 

6.8 

Alanine 

L24 

0.28 

1.11 

2.6 

Valine 

0.70 

0.213 

1.11 

2.0 

Total 




22.6 

ACW 




44,200 


peptide bond breakdown has occurred during any of the treatments. 
Sanger (1948) has shown conclusively that performic acid does not 
degrade insulin and it is therefore unlikely that peracetic acid used under 
much milder conditions will break peptide bonds. Direct experiments with 
synthetic peptides from a number of amino acids including cystine (Fox 
1951) show that even prolonged treatment with peracetic acid and O.IN 
NHiOH does not break peptide bonds. Since the number of serine end 
groups in y-keratose is increased by treatment with 3 n NH,0H the 
possibility remains that even the low serine end group value obtained in 
the O.lN NH 4 OH fractionation is not real but due to breakdown. Since 
this amounts to only 3 serine residues for every 10* g of y-keratose, any 
such error if it existed would not be serious. The real damage occurs when 
the NH^OH strength is increased to 3 n and the end group increased from 
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These discrepancies could be understood (a) if proline is an N- 
terminal residue since it would not be detected in the present work as 
DNP-proline is destroyed under the hydrolysis conditions used; (b) it part 
of the yfraction consists of cyclic polypeptides which have no terminal 
residues, A polypeptide mixture containing both open chain and cyclic 
molecules gives a higher ACW as estinaated by the end group method than 
by physical methods. 

The partial fractionation by dialysis into two fractions of different 
sulphur contents points to y-keratose being heterogeneous, although the 
end group analysis of both fractions is almost the same. 


(c) The Structure of Wool 

Recent electron microscopic evidence has proved that /J-keratose is 
present in the intact fibre as the cell membranes surrounding the cortical 
cells. Nothing in the present work is incompatible with the view deduced 
from experiments in supercontraction and permanent set (Alexander 
1951) that a-keratose is derived from the micelles or subfibrils and y- 
keratose from the intermicellar substance which "cements" the whole 
together through disulphide bonds. That the cysteine in wool is very 
irregularly distributed is emphasized the fact that it has been possible 
to obtain a fraction (yi) containing as much as 7.6 per cent, sulphur. 
The observation that the extract from partially oxidized wool belongs 
to the sulphur-rich y-keratose class provides further support for the above 
model. A reagent like peracetic acid specifically breaking disulphide bonds 
will attack the cement substance which would then become partly 
extractable. The micellar material would not be released, on this 
hypothesis, until the cement had been completely broken (i.e. the disulphide 
bonds fully oxidized) and this is in fact observed. 

How far these results have to be reinterpreted since the discovery 
of the bilateral structure of wool by Horio and ICondo (1953) and Mercer 
(1953) cannot yet be decided. Since the same type of fractionation is 
obtained with keratin from horn it seems unlikely that the o- and y- 
fractions originate from the different segments. The theory that the 
fractions arise intracellularly still allows for the difference in constitution 
observ'ed between the ortho-" and paracortc.v since these fractions are not 
homogeneous. An alternative view, consistent with all the facts, Is that 
the ratio of to y-keratose is different in the two segments; the orfho- 
cortex containing the higher proportion of cystine rich cementing substance 
giving rise to y-kcratoso. 
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either herring sperm or cal£ thymus. There is, however, 
a marked dilference between the two in the amount of 
residual protein 

To show this effect clearly the concentration oJ versene 
required is O-l M which is the strength at which this and 
other chelating agents arc effective in the method Kiruy 
has developed for the separation of DNA from protein*. 
It IS clear from the great difference in sire, a factor 
over a hundred, that a trace of protein contaminant 
of this order, could provide sufficient polypeptide chains 
adhering to those of nucleic acid to inhibit the unfold- 
ing in urea. It seems possible therefore that the action 
of versene on ])NA from calf thymus consists of the 
removal of this trace of protein impurity which may 
interfere with the disentangling process 

The electron micrograph was taken on a Siemens elec- 
tron microscope (Model UM lOO) by Mr. M. S. C. Bir- 
BtCK. for whose cooperation we arc most grateful, Wc 
have developed a new technique for the preparation of 
DNA specimens which will be described m a future 
publication. 
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i ig *2.— Molecular weight deieniDned from li^'l’t veaUermg data of 
DNA Iroin herring sperm after standing at different concenlrations 
in 4 M urea. 
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I-«. a - Llectron micmuraph t»( DNA from hemugspertiiimapi^M 
tiOD SC.OW The width of shadow (platmom) of the thionesl MW 
iWd which corresponds lo a fibre width of 80^ 
tioR of shadowing used. The numerals written m the «mm . 
the estimated niitiiber of doub!e«helix threads which lie side Vf 
to make up the fibre 


7usammenfassu»g , 

DNA spallet m 4-»i-Harnstofilo3ung. weon die DNA 
Konrentration weniger als 0,04% betrigt, w g- 
grossc Tctie au£. Elektronenmikroslcopischo u 
zcigen, dass das Ausbleiben einer DissoriatiM 1 
konzentrierten Losungen dutch cummer 

lagerungder Faden bedingt sem durfte. eine . 
tagerung, welcftc den von W, Kuhn m der v g 
den Mitteilung fur die Langsteilung vorgesen -o- 
Mechanismus behindern wurde. 
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The Inlluence of Concentration on Dissociation 
of Deoxyrlboaenuclcic Acid by 4 Molar Urea 

In earlier publications' we had shown that the mole- 
cular weight ol deoxyribonucleic acid (DNA) as de- 
termined by hght-scattering fell to one half its value in 
dilute salt solution when sufficient urea was added to 
bring the final concentration to 4 hi. This and the as- 
sociated changes in the shape of the molecule were 
consistent with the view that a longitudinal splitting of 
the double molecule had occurred. In all these exper- 
iments concentrated urea was added to solutions con- 
taining less than 0-04% of DKA Since these were most 
convenient for hght-scattenng experiments. When urea 
was added to solutions containing more than 0-08% DNA 
dissociation no change was observed in molecular weight 
within 3 h (Fig. f). Since it was not possible to measure 
molecular weights directly at these concentrations the 
experiments were earned out as follows. 

Equal volumes of the initial DNA solution and a solu- 
tion of a Af urea were mixed and allowed to stand They 
were then diluted lour times with dilute salt solution so 
that the final urea concentration was 1*0 M and the 
Jtght scattering measurements made A parallel experi- 
ment was made in which the final concentration of DNA 
and urea were the same but the dilutions were made in 
such a way that the DNA was never exposed to urea of 
more than 1-0 Af This concentration is not capable of 
dissociating DNA and a molecular weight of <» x 10» ions 
was found in this solvent (Fig, 2) . If DNA at a concentra- 
tion of 0*04% or less was treated with 4 Af urea and 
subsequently diluted with water to 1-0 Af urea the mole- 
cular weight was found to be 3 x 10* (Fig 2), but, tf the 
same experiment »s done with more concentrated DNA 
solutions {> 0 03%) then a molecular weight of 6x lo* 
w found on a subsequent dilution, proving that 4 Af 
urr.-i was not able to split DNA at these higher concen- 
trations No tchaWc data couUl be obtained for DNA 
solutions in belneen the two ranges of DNA concentra- 
tion studied (Fig. I) but this is not surprising since the 
situation m this intermediate range (0 05 to 0 08%) 
i\ou!d be expected to be very complex 
The reason for this remarkable concfntr.ition de- 
pendance of the dissociation of the twin molecule can 
not be found m a mass action phenomenon since the 
urea IS present m vast excess, there can be no question 
that the equilibrium is completely on the side of the 
dissociated molecule An exp}an.-itJon may be fonm) in 
Prolcssor NY Kuhn's suggestion* that length-wise as- 
lociation of the double molecules uould present the 
rotational movement of the two threads rclamc to one 
.mother and thusm.ike the relatively f.icilcilisent.-ingiing 
process envis-aged bj Kuiis* impossible Klectron 
micrographs of DNA (I'lg 3). show that it ts |x»siblc for 
these long molecules lo aRgrcgate in parallel and m fact 
under the conditions of dry ing on the supSKirting film a 
whole range oi aggregates h.asc been otwervixl 

remjM>rars cont.sct o( this kind in urea solution would 
complrtelv inhibit the torsional motion necessary for the 
untwisting and clearly thcchanccuf itsb.ippening would 
rapidly im.fr.ise with increasing eoncenimtiors Intirder 

* !* Aitssobt* snd K A St*tsv. IlvKhem. J ij, t9l (19V.) 

• W K<«w. i t(Ki (I'CTl 



Tig. 1 .— lanwUiiBhnesof Z»nini plots of light scattering data of DNA 
from UwTHig sperm (for deliiution of »> iiiboU see *}. The intercept U 
inversely proportional to ihe weight aierage molecular weight o( the 
dissolved ONA. 

-•••- <101% DNA containing 1 tl Af iirnt andll 2A/ NnCI (MolecuUt 
weight A X Ml*). 

To 0 0S% D.VA an equal \ nlunie of S tf urea was added (i e« 
soltitinn was 0 04% DNA m 4 M urea) and diluted 2 h later 
tn finish lip os (i«i% DNA cnniaiiiintT 1*0 df urea and (>2dr 
XaCI (Molecular weight n >< 

-X-X- To O IA% DN'A an equal \ olume of 8 Af urea was added (i o 
MiluiMni wa- y ii8% DMA in 4 .V urea) and diluted 2 h later 
to finish up as <1 til % DN.A cuiitaining 1-0 Af urea .snd 0 2 Af 
KaCt (iloleeuhe weight U y III*). 

to prevent this aggregation during the drying of the 
specimen on the E M grid it is necessary to dilute the 
solution 100 fold frorn that used to prepare the specimen 
shown in Figure 3 So it is clear that there exists, despite 
the repulsive action of the lonitetl phosphate groups, 
strong attractive forces between DNA molecules The 
failure to observe any aggregation by light scattering 
shows that this c.m only be of a very temporary nature 
although the small value of the second virial coefficient 
may be regarded as suggestive of interparticlc attraction. 

So far wc have been unable to demonstrate a similar 
splitting by caU thymus nucleic acid as it is ordin-snly 
prep.sre<l* After prolonged exposure to a relatively 
concentrated solution ol .i sequc-stering agent, soilium 
cthylene-diaminc tetracetalc (verscnc), it was found that 
in 4 Af urea this too slowly split into two h.stf molecules 
o! molecul.sr weight J - l(»* hince Jt scNtR* h.ad re- 
portcil the presence of a siirpnsingly targe amount of 
magnesium in c.slf thymus DNA it seemed jvossiblc that 
these bi\.slrnt ions might l>e responsible for the grr.iter 
subilitv ol DNA from this source Nut wc have been 
unable by tract mrtal analysis lo confirm Jh.vc.mh's 
findings and can detect no significant amounts of m.ig- 
nexiutn «r .lov other ir.sce metal m DNA obt.smnl from 

• l’ AitSA-it>r* »fin K \ 1*11111 V. Naliiir I-'*, l>’v' (K''.'.). 

* If Jtkcvra, bcwixe IIJ. 37ii (UOl) 
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of a dose of 7 -rfty 8 . Apart from Svcdbcrg and Brohult, this technique 
has Iwen used quantitatively by Sanigar and colleagues (4) and by 
Sheraga and Nims (9) in studies of the action of x-rays on fibrinogen 
solutions. 

Our lesults bear n qualltalivc rcsemWance to those of Sheraga and 
Nims, though differing noticeably in detail. \Vc have observed an ap- 
parently exponential decrease of normally scdimenling nmterial with 
increasing dose of radiation. Wc have also used appropriate compounds 
to protect the protein agaln.st the effects of radiation, and noted two 
seemingly distinct mechanisms of protections. 

ExPEnWlEN'TAL 

MaicHah 

The scrum albumin used was obtained from A. 1). Kabb Stockholm. U him 
prepared by the Cohn method and, although eicctrophoreticsily pure, showed t«o 
components when examined in the ultracentrifuge. Of these two components, the 
overwhelmingly more abundant one was normal serum albumin; the second had a 
sedimentation constant alighUy higher than that of the first, but insuflicirntly 
HO toeffcctscparitionoflbotwo. The twocomponenta thus always appeared under 
one peak in the sedimentation diagrams. With fresh material, about 60% of (he 
dissolved protein appeared in the main peak of the sedimentation diagram of un* 
irradiated solutions. 

Bolutions for irradiation were made in water double'distillcd to Pyrex glsM- 
Thesc solutions, rather than buffered ones, were used to avoid interference by 
saits with the rodiation-chemical reactions, {cf. (C)). Before use, (he water was 
left standing overnight to bring it into equilibrium with the atmospheric o-tygen- 

liadiaiion 

The solutions were irradiated w/th y-tBytfrom 6.3 curies (C.) of Co** tuppUed 
by the Atomic Energy Research Establiahment, Harwell, in the form of a hollow 
cylinder, inner diameter 24 cm. height 8.0 cm. Irradiations were made nith the 
solutions in stoppered test tubes placed inside the cylinder. The dose rate was 
determined; 

(a) jcmi-cffjpiWcaffy.accordingtofigurcs fora similor source given by Saunders, 
Morchcad and Daniels (fO) as 10,500 r./br. 

(h) chemteallp, by the degradation of polymcthacrylic acid (PMAJ according 
to the method of Alexander and Fox (U). The PMA was calibrated against a wch- 


(c) phyiicallv, by means of a thimble ionisation chamber (12) calibrated against 
x-rays as above, and giving a result of 10,200 r./hr. 

Considering the variety of errors in each method of calibration, the agreement 
is highly satisfsctoiy, and the dose rate was taken as 10,250 r./hr. 
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Introduction 

Various studies have been made of the effects of ionizing radiations on 
proteins, and several revietvs have been published (1, 2). Many of the 
studies have been of complex proteins with prosthetic enzyme groups, but 
some have been specifically concerned with scrum albumin. Early in* 
vestigators (3) noted changes in optical properties, viscosity, and pH 
after irradiation. Sanigar, Krejci, and ICraemer (4), working with human 
serum albumin, detected no change after irradiation with 29,000 r. of 
x-rays. Carrol, Mitchell, and Callanan (5), worldng with bovine serum 
albumin, detected ‘'polymerization" of the protein after doses of up to 
1,500,000 r. Barron end Finkelslein ( 6 ), also working with bovine serum 
albumin, and observing changes in ultraviolet ab.sorption by the material 
after different doses of radiation, inferred an indirect (free-radical) 
mechanism of action of x-rays on proteins in solution. 

The present investigation, continuing the earlier work of Svedberg 
and Brohult (7) and of Brohult ( 8 ) on the effect of high-energy radiations 
on certain proteins, concerns the sedimentation of human serum albumin 
after 7 -irradiation. As measured in the oil-turbine ultracentrifuge, the 
amount of material sedimenting normally was used to measure the effect 

‘Permanent address: Department of Physics, Institute of Cancer Research, 
Royal Cancer Hospital, London, England, 

* Permanent address: Forskningslaboratorict, LKB, Appelviken, Sweden. 
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llic control wimplo.s. Tliis indicates that no lar^e fragments are broken 
oJT the protein mofeculc hut docs not exclude the possibility of small 
fragnumls surh iw uroino acid residues, ^01^cvcr, precipitation of the 
protein am! analyys of the Mipcniatant liquid with ninhydrin showed no 



Fio I. Sedimentation diagrams by the Lamm "catc method of M)nnirradiated 

iind {B) irradiated solutions of 0 5% human scrum albumin (dose- 91,000 r). 
UiagramH show sedimentation 20 min. after full speed was reached. Inset scat** 
shows expected position of ajtgregalca of I, 2, 3, . , 12 protein molecules. Ab- 
Hcix^a' radial distance in cm. Ordinate - scale line displacement inu- 
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Mtasurmentif 

Sedimentation measurements were made in one of the Uppsala Svedberg-type 
ml-turbine uUracentrifuges, using the Lamm scale method. Use is made of the 
Svedbcrg formula for the sedimentation, constant (13) namely. 


3fZ)(l ~ Vp) 

RT 


( 1 ) 


where M is the molecular weight, D the diffusion constant, and V the partial spe- 
ct6c volume of the solute; p is the density of the solution, R the gas constant, and 
T the absolute temperature For spherical molecules in particular, but generally 
for compact molecules of the same shape, s is proportional to the other vari- 
ablea are kept constant 


Experimental Metkode 

For each experiment a fresh stock of solution was prepared from the cr>’atalline 
protein; for an experiment consisting of the measurement of several irradiated 
samples, a fresh sample was drawn from the stock for each irradiation 

Irradiations with doses found necessary to produce measurable effects generally 
took, with the concentrations used (0 5*2% solutions), between 5 and 35 hr.; they 
were made at the ambient temperature (13-20^.) and samples w’erc irradiated 3 
ml at a time. Between irradiation and measurement, irradiated solutions were 
kept together xilth the stock (control) solution at 4*C. Measurements were usually 
made within 48 hr of irradiation Solutions were untouched between irradiations 
and measurements 


Results 

Effect of a Single Dose of y-Rays 

In Fig. 1 arc shown the sedimentation diagrams, 20 min. after full 
speed (60,000 r.p.m. s 250,0CK3 X 9 ) had been reached in the uUracen- 
tnfuge, of a 0.6% solution of scrum albumin (vl) unirrodmled (control) 
and (B) after a dose of 91,000 r. of Co’® y-rays. The most strikiiigdifTer- 
ence between the two is the pre.scnce of components of higher sedimen- 
tation constant that appear in the irradiated sample; this is taken as an 
indication of the aggregation of the protein molecules after irradiation. 
Of the amount of material present as shown in the diagram of the con- 
trol, 92% appears in the diagram of the irradiated sample. Kcarty all the 
remaining 8% appears in material which has already sedimented to the 
bottom of the cell, but xvhich can Ijo seen in earlier sedimentation dia- 
grams. 

Xo change in the region of sedimentation constant loucr than that of 
the m-nin peak has been found in the irradiated samples compared witli 
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The results have l>ccn comiwrcd with the equation 

C - (2) 

Values of n, calculated hy the mctliod of least squares, ere given in the 
hist column of Ta!>lc I, and dctcnninc the Jjnes drawn in Tig. 2. 

U\ solutions irradiatcfl so tlint the amount of unoggregated material 
was leas than that of tl»e control, a cloudincfs was visible. In solu- 
tions irradiated so that the amount of imaggrcgatcd materia) isas less 
thar> -10%, this cloudiness Ixicnmc a precipitate, progressively increasing 
with do.'sc. To avoid iwssihlc intcrfcrirjg cfTccts from the precipitate, 
do>cs of radiation were kept small enough for it not to appear. 



Fi(j 2 Variation willi Jewe of amount of material ^oilitncntiPR normally for 
UilTenmt initial jirotcm concentrations Curve (/O 1 0 % protein soliitionj 
20 %, tf') 0 5 %} A1)iciS'I3 iJom; Ordinate loRanthmic «cale of percentoKC re 
m.iiUiiiK of norniall> iicdintcntinR material 
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diffciciice in amino acid content betw’een irradiated ami control solu- 
tions. 

In Fig. 1 arc shown the positions to which molecules would have sedi- 
mented if their sedimentation constants were i.e., if their weights 
were nM and if they were of uniform shape {cf. Eq. (l)h for n up to 12, 
where s and M are the sedimentation constant and molecular weight, 
respectively, of the original serum albumin molecules. The undoubted 
correlation between some of these positions and the peaks in the diagram 
of the irradiated solution reinforces the suggestion of simple aggregation 
of the protein molccvdes as a result of irradiation. This interpretation, 
however, cannot be .strictly maintained without further separation of 
the products of the irradiation. 

Fariation of Effect with Dose 

The I’ariable chosen for comparison was C, the concentration of un- 
ag&regated protein molecules as measured in the sedimentation diagram 
80 min. after full speed had been reached. This concentration was de- 
termined from the area under the peak after appropriate corrections (23). 
In a given c.vperiment, the concentration expressed as a percentage of 
Co , that of the control, has been conadered as a function of the dose, D. 
The results of a group of experiments are given in TaWe I and shown m 
a semilogarithnuc plot in Fig. 2. 

TABLE I 

Effect of Radialion on Amount and Sedimentation Constant 
of Unaifff regated ProUtn Materiai 


coflcenttxtioR 

D, ddse 

twc/c», 

Bn3gxr<nttd 

tsMnm 

ScSvDfnUifOft 

(ODttant, 

S 

seduRtnUtMn 
conitsnt, S 

>* X lo* 


r 

%»/«»/«! 





0 

100 

4 43 



0 5 

42,000 

85 

4 13 




90,700 

56 

5 16 

.4 59 

332 


123,000 

46 

4 66 




0 

100 

3 99 



1.0 

82,400 

82 

4 29 

4 23 

326 


1M,000 

56 

4.28 




246,000 

47 

4 35 




0 

100 

3.81 



2.0 

103,000 

83 

3.90 

3 92 

306 


206,000 

73 

4 04 
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Sodium benzoate also acts as a partial protector agains* the effects of 
radiation (Fig. 4). In this case, however, for a given concentration of 
sodium benzoate with respect to scrum albumin, the amount of un- 
aggregated protein mnterial decreases exponentially with increasing 
dose, i.e., as The exponential index, p', itself decreases Mth in- 
creasing relative concentration of sodmm benzoate. On the other hand, 
we have found that sodium acetate used in the same way as the sodium 



Fla. 4 Protection against radiation of protein in 1 Q% solution by so 
benzoate. Curve iA)' no benzoate; (B) •! X f0“* benzoate; CO I X 
zoatc; (Z>) 7 X hi benzoate 
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Action of Protective Agents 

A study has been made of the protective effects of four substances: 
thiourea, |3-mercaptoethyIamine, sodium benzoate, and sodium acetate. 
Results from the first two are shown in Fig. 3. It was found that a con- 
centration of 10~® M of thiourea in a 1 % solution of serum albumin ap- 
peared to protect the protein molecule completely, with respect to the 
particular changes studied, against the first 140,000 r. (approx.). For 
higher doses the amount of unchanged protein material decreased as in 
the case with no protection. Twice the concentration of thiourea gave 
complete protection against twice the dose of radiation. /S-Mcrcapto- 
ethylamine acts similarly, and the protein remains partly protected after 
the initial complete protection has ceased. 



Fro. 3. Protection against radiation of protein in 1 0% solution, by thiourea 
andfl-mercaptoethylamine. Curve (A): no protecting agent; (B) 1 X 10->.V thio- 
urea; (C) 2 X 10“* M thioure.a (D) 2 X tO"* Af ^-mercaptoethylaminc. 
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According to Eq. (2), ivhich is that given by Dale and colleagues (15), 
the exponential index t» should be independent of the initial protein 
concentration Co . However, from Table I « is seen to decrease slowly 
with increasing Cc , But this decrease is of the order of the experiments! 
error and is probably fortuitous. 

ExtmpolaUng from the results pvcn in Table I, it is found that for a 
1 % solution the amount of unaffected material is reduced to 37% by a 
dose of 310,000 r. Taking the molecular weight of the protein as 07,000 
(13) and the number of ion-pairs produced as 1.79 X (16), 

this dose produces 6.2 ion-pairs per molecule. If a single free radical (the 
product of a single ion^pair) is sufficient to effect a single protein mole- 
cule, it follows (16) that the ionic efficiency is 0.162 (or G ~ 0.49). 

Protective Agents 

A concentration of 10“* M thiourea &ves apparently complete protec- 
tion to a 1 % solution of serum albumin for doses up to 140,000 r., and 
doubling the thiourea doubles the threshold of dose at which the protein 
begins to be affected. This suggests that thiourea protects with very 
great efficiency while it exists in solution, but that is is transformed to an 
inert material by the free radicals produced by the radiation, with an 
ionic efficiency of 2.0 {G =» 7.9), This figure is in agreement with that 
given by Dale and Davies (18) for much higher concentrations of thio- 
urea, The protection afforded by sodium benzoate suggests that the 
competition for free radicals by the benzoate is relatively weak, but that 
the products of the benzoate and free radicals continue to interact suc- 
cessively with the radicals, and with appro.ximateIy constant ff-values. 
^Vhile a succession of interactions of sodium benzoate with free radicals 
is known (18), the (?-values involved do not appear to have been deter- 
mined, The contrast between the protection by sodium benzoate end by 
tluourca is notable, protection by /3-mercaptoethylaraine is intermediate. 
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benzoate, with the same pK and pH values, and at the same concentra- 
tion, gave no protection whatsoever. 

Discussion 
Sedimentation Constant 

Since the measurements ncrc made on unbuffered solutions they were 
not expected to give good values of the sedimentation constant. How- 
ever, the average value for the unirradiated solution, 4.07 S, is in good 
agreement nith the value obtained by Charhvood (14). Charhvood also 
showed that the sedimentation constant varied with the method of 
preparation of the protein material, with the composition of the bulTer, 
and with the protein concentration. The sedimentation constants ob- 
tained in the present experiments arc given in Table I. Tlie average for 
each concentration varies with the concentration, in agreement with 
Charlwood’s results, and the agreement extends (for most of the pi’cscnt 
results) to tho variation witli the amount of normally sedimenting ma- 
terial after irradiation of a solution of given concentration. Some small 
changes in sedimentation constant were noted by Sanigar and colleagues 
(4) after ultraviolet irradiation. The conclusion drawn here, ns also by 
those authors, is that tlie sedimentation constant of unnggregated ma- 
terial remains essentially unchanged. 

Variation mlh Dose of dmoimt of Material Sedimenting Normally 

Witliin experimental error, the amount of materia) sedimenting nor- 
mally decreases exponentially with dose. The variation of magnitude of 
cfToct with protein concentration following a given do«c of radiation 
removes an essential condition for a direct mechanism of action of the 
radiation on the protein molecules. For this reason it must bo 
assumed, a.s was done by Barron and Flnkelstcin (C), that the cfTcct is 
indirect and is due to the actions of free radicals produced in the solvent 
by the radiations. 

An exponential docrcascof enzymic activity with x-ray dose was noted 
by Dale, Meredith, and Tweedic (15) in the irradiation of carhoxypepti- 
da'U*, and interpreted by these authors ns indicating continued competi- 
tion for free radicals by affected enzymes. Although our Ryslem and 
method of measurement is quite different, our results suggest, similarly, 
that ent'h protein molecule is able to interact with more than one free 
radical, so that alToctcd molecules can compete with unaffected ones for 
the radicals. 
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iNTROmrCTtO.V 

As a further application of a recent prwjedure for protein chromatog- 
raphy on the anion-cxchangc resin Dowex 2 (1), a study was made of 
the effect of irradiation with Y-rays on the chromatographic behavior of 
human serum albumin. This work also served to supplement an investi- 
gation of the sedimentation behavior of the irradiated protein (2). 
Changes in irradiated proteins have been studied by several physical 
and chemical methods, but this seems to be the first use of chromatog- 
raphy for the purpose. 

Materials and Metuods 

Chromatographic Ttchnigue > 

Tie experimeotftJ details /or ebroroatography of proteios on Ddwm 2 have re- 
cently been described (I). TllAM-HCl buffers have been used for elution, with the 
pH kept constant at 7,35. All molarities cited below refer to the concentration of 
THAM The dimensions of the column were IS X 1.5 cm., and the same column 
was used to all experiments. The fraction collector here used worked on a time 
basis and fractions were shifted every 30 min., giving fraction volumes of about 
3 5 ml. All chromatographic experiments were run in a cold room at 4’ 

Serum Albumin 

The sample used was provided by A. B. Kabi, Stockholm, and was prepared by 
the Cohn method. It was examined in the ultracentrifuge, where about 80% ol 
the material applied sedimented as a symmetric peak with the sedimentation 
constant of native human serum albumin About S0% of the mat erial applied to 

* Permanent address: Department of Physics, Institute of Cancer Research, 
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SUMJiL\BY 

1. The oil-turbine uUracentrifugc has been used to measure quanti- 
tatively an efTect of 7-ray3 on human serum albumin in salt-free solution. 
The effect is shown to be due to the indiiect action of the radiation. 

2. The amount of protein with normal sedimentation constant de- 
aeases exponentially with dose. The remainder appears as a series of 
aggregates 

3. Thiourea and sodium benzoate are both found to protect the pro- 
tein against radiation, but apparently in different ways. 
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tions 11-16 were ignored. For the experiment shown in Fig. 1, curve 44 , 
the recovery so obtained waa 79 %. 

For a 1% solution irradiated with 221,000 r. (Fig. 1, curve B), the 
amount of material eluted with the 0.25 M buffer was reduced to 43% 
while the amount of material eluted with I N HCl was increased. The 
material in the first peak was examined in the ultracentrifuge after con- 
centration by pervaporation. It was found to give a single symmetrical 
peak in the sedimentation diagram, with sedimentation constant 423 S, 
(I % solution), the same as that found for unchromatographed material. 
Also the ultraviolet extinction between 240 and 300 was that to be 
expected for pure scrum albumin. 

The material eluted by the acid was found to be so severely denatured 
that the c.xUnction maximum at 279 m;t had disappeared (and with it 
the minimum at 250 m#«). The denaturation was found to be much greater 
than that resulting when cither unirradiated or irradiated protein ma- 



Ffoctran number 

Fio 1, Chromatographic experimenta with 10 mg. of uairradialed (curve A) 
and irradiated (curve B) human eerum albumin on the aame column (18 X 1.8 
cm ) of Dowex 2. The first zone is eluted with 0 25 M TflAM-HCI buffer, pH 7 33; 
the second zone is eluted with I 0 iV HCl which also regenerates the coJuma The 
dose of radiation was 221,000 r 
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the chromatographic column was eluted with a buffer concentration of 0.25 W, 
this being in close agreement with minimum strength of buffer required for the 
complete elution of albumin from a normal human scrum (1). It is thus clear that 
the albumin sample behaved chromatographically as the protein in the native 
state* and did not show the abnormality found earlier for another commercial 
sample (-1) 

Radiation 

The material w as irradiated w ith v-raj-s from 6 3 curies of cobalt-CO. The co- 
balt, supplied by Atomic Energj Research Establishment, Harwell, was in the 
form of a hollow cjlinder of length 8 cm and internal diameter 2 2 cm The dose 
rate within this cylinder was found to be 10,250 r./hr 

Experimental Methods 

Each experiment w as carried out in the following manner a fresh solution was 
prepared by dissolving the crj'Stalhnc protein material in double-distilled water, 
separate samples of 2-3 ml were then irradiated as required in lest tubes placed 
within the cylinder of cobalt. Between irradiation and chromatographic examina- 
tion the samples were left with the control at 4" The examinations were all made 
within 72 hr of irradiation. 

Immediately before the start of the chromatographic experiment the sample to 
be examined w-as diluted 1:1 with O.OS M buffer, and a measured amount of the 
resulting solution was applied to the column, equilibrated with 0 01 M buffer 
The maximum amount of protein material applied was 1 ml. of a 1% solution. 
When the albumin sample had sunk into the resin, elution was first carried out with 
O.Ot M buffer. After about 2 hr. a stepwise change was made to elution with 0 25 M 
buffer. After a further 3-t hr. a second stepwise change was made to elution 
with 1 S HCl. About 3 hr. later the experiment was stopped 

The amount of protein in the different fractions was followed by measuring the 
extinction at 280 nu» using a Beckman DU speeltophotometer and l-cm cells 
Distilled water was always used os a blank. 

Results 

Effcel of a Single Dose of y^Rays 

\Micn an umTiadialcd (controi) solution of nlbutn’m is cliromato- 
grapheU (Fifi. 1, curx'c A) most of the materia! applied to llic column 
is oUitctl with 0.25 M ImITcr nhile only a small amount is eluted tvjtli 1 
lY IICI. As llic lrisOiydroxymctliyl)aminomctlianc (TlIAM)~nCl burfers 
always contain some ultraviolet-absorbing material (the extinction of a 
0 25 Af solution is 0 055), it is difTieult to judge to what extent the tailing 
of the pcaVa is due to protein material. For this reason the reeoN’crics 
were calculated only from the extinction of fractions 8-10, while frac- 
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ponentially with dose, (hat of the second increases linearly. The curved 
line in Fig. 2 is drawn through the values expected from the previous 
sedimentation studies (2). 


Discussion 

It is generally accepted that the effects of ionizing radiations on pro- 
teins in solution arc caused hy free radicals produced in the 6o!vent(3). It 
is probable that these radicals will change the surface properties of the 
protein molecules and hence change their chromatographic behavior. 

It is striking that the relation between unaffected material and dose 
of radiation is almost the same whether obtained by chromatography or 
sedimentation studies (rcc Fig. 2). nic closeness of the two sets of results 
suggests that the same effect is measured in each case. This idea is sup- 
ported by the fact that that part of irradiated scrum aibumin n-ith the 
chromatographic properties of native material also sediments normally. 

Because of the dcnaturatlon of (he moterial in the second zone, eluted 
with hydrochloric acid, the uUravnolct extinction is not, in this case, a 
measure of (he amount of protein eluted. It ha.s also been found that, 
with the present size of column, the resin Is poisoned (i.e., ceases to ef- 
fect chromatographic separation) after about 22 experiments with pro- 
tein irradiated with average doses. Since such poisoning is not observed 
after more than twice tliis number of other experiments (1) with unir- 
radiated material, It appears that some of the protein affected by radia- 
tion J3 absorbed irreversibly on the resin. ITius while (he curv’cd line in 
Fig. 2 gives a genuine reflection of the decrease of the amount of un* 
affected protein, the straight line docs not indicate the amount of de* 
naturated protein. We arc unable at present to give any interpretation 
of ike apparent linearity in the relation between dose and the added 
extinctions of the second zone. 

It is evident that the type of chromatography on Dowex 2 used here 
successfully separates native from aggregated protein molecules. It thus 
provides a rapid and convenient, as well as cheap method of studying 
an effect of ionizing radiations on proteins. 
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tcrial was left standing in 1 ^ HCl for the same time as in a chromato- 
graphic experiment. For this reason it was not possible to check that, 
for the irradiated sample, the material lost from the first peak did ap- 
pear in the second. 

Variation of Effect with Dose 

The totals of the extinctions of the fractions comprising the first and 
second peaks have been conridcred Bcparatcly as functions of dose. 
Figure 2 shows the relationship between these variables for one scries of 
experiments. 'VSTiile the total extinction of the first peak decreases cx- 



Fia. 2. Variationt between dose tnd the added eitioetionn of the diFTerent 
fracUona compfUini’ the two *onee obtained in ehromatonaphle experitnenU like 
thoee »hown in Fi* 1. O, In tone; material eluted with0.253f TIIAM-IICl buffer. 
The curved line U drawn Ihrouxh values expected from previoui aedjmcntalion 
•tudiea. O 2nd *one; material eluted with 1 AT IlCt. The alraUht line U drawn 
throuth the cxperimcDtal pointj. 



Rf printed fram PHOCEEDINCS of the ROY^L SOCIETY, B, 14«, 57-67 (1957) 


Pibre formation by cellular systems 

By E, Ambrose 
Chester Beatty Research Institute, 

Institute of Cantor Research, Royal Cancer Hospital 

[Communicated by C. D. Darlington, F.R.S.— Received 1 June 195&— 
Revised 30 May 1957) 

(Pktea 2 to 61 


In order to study possible mechamams of fibrogoneaia within living cells, experiments have 
been earned out using sohitions of nueleo-proteins to doterraine the conditions which lead to 
the building up of spontaneously ordend structures. Tfucleo-protein solutions which 
separate into a twO'phsse system produce onenlatcd fibres 1^ a process of aggregation, 
711688 fibres are birefrlngent and show visual dichxoism after staining with vital stains 
A method of measurmg concentrations by interference microscopy in the living cell has shown 
that the concenltnlion of high molecular- weight matana! within the nucleus wouldbeexpected 
to m&mtain ordered structures of the typo observed in the solutions of isolated nucleo- 
protein. Xt is shown that the formation of fibres t^es pla^e fay a similar process ui the 
cytoplasm during spermatogonesis. These fibres also undergo a process ofepiralizatiOR erhteh 
IS analogous to the behaviour of ebrorooeoroes. 

Introduction 

The steps involved in the synthesis of bioiogicrt! macromoleculcs have been the 
subject of considerable interest in recent years. But from many points of view, 
the later stages, which lead to the formation of larger structures, are equally 
important, Fibrogenesis has been studied in extracellular systems such as sili 
in considerable detail in the case of collagen (Jachson 1956)- But apart from the 
development of the mitotic spindle, little is known about such processes in the 
ease of nuclear and cytoplasmic organelles. 

In earlier papers, evidence for & fibrous structure of the chromosomes has been 
described (Ambrose & Gopal-Ayengar 1952, 1953’, Ambrose, Cuckow & Gopal- 
Ayengar 1954). Physico-chemical studies of the behaviour of the chromosomes 
within the fresh nucleus have indicated the presence of anisotropic structures 
suggesting the presence of fibrils running parallel to the length of the chromosome. 
In addition, electron microscopy has shown the presence of raicrofibrils of 100 to 
200 A diameter running parallel to this direction. Similar results have been 
obtained by Yasuzumi, Odate & Ota (1951). Physico-chemical studies have also 
suggested that the raicrofibrils mig^jt be formed by the linear aggregation of 
particles, through secondary forces of cohesion. This view is suggested by 
tions of a beaded stmetureat intervals of 700 A along the length of the microfibn 3 
seen in the electron-micrographs. Recent studies have suggested that elements 0 
small dimensions may in fact provide the elementary units of heredity. Evidence 
for a particulate structure of the chromosomeshas also been given by Mazia {i954h 
The present paper is in two parts; in the first part an attempt has been ma c 
to study certain colloidal properties of nucleo-protein solutions directly , so avoiding 
I 57 1 
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Summary 

U has been demonstrated that the effect of 7 -rays on human serum 
albumin can be followed by chromatography on Dmvex 2. 
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Figure 2 (a) Polarized lighV photograph of fibroua structures m calf thymus nucleo-prot«m. 
(6) Polarized light photograph of diffuse region of birefrmgenc^ in nucleic acid. X 1 • 
(c) Interferometer photograph showing diffusion gradients in calf thymus nucleo-protom. 
X 36. I, drying edge; A, region of sudden change in diffusion coefficient, (d) Inter- 
ferometer photograph showmg diffusion gradient in calf thymus nucleic acid with absence 
of sharp boimdary. x 36. 







E. J. Ambrose 


5B 

artifacts which must inevitably arise in specimens fixed for electron microscopy. 
In the second part the fibre-forming properties of these solutions have been com- 
pared with the properties of the nucleus in a locust, by direct observations of 
living cells using interference microscopy. 


Experimentat. methods and results 
(a) The formation of spontaneously ordered structures in solutions of 
nueleo-prtAein ond nucleic acid 

(i) Concentration effects 

A solution of nucleic acid or nucleo-protein is allowed to concentrate slowly in 
the space formed between a microscope slide and coverslip, arranged in the form 
of a wedge. The slide is mounted on the stage of the polarizing microscope with 
crossed polarizers. As the concentration of the solution increases along the drying 
edge, spontaneously birefringent regions begin to appear in the solution. In 
plate 2a is shown a solution of calf thymus nueleo-prot’ein. The solution of 1% 
initial concentration was freshly prepared according to the method described by 
Shooter, Davison & Butler ( 1954 !* It was dialyzed against distilled water to 
remove salt. The processor concentrating the solution on the slide did not, therefore, 
lead to changes of salt concentration. In the region adjacent to the drying edge of 
plate 2a, the solutionis strongly birefringent, but in addition many long fibrils can 
bo seen penetrating into the dilute solution. The sign of the birefringence of tliese 
fine fibrils was found to bo negative imaximum reftacUve index with the £J -vector 1 
to the fibre axis). The more densely packed material was also negatively bire- 
fringent when referred to the drying edge of the cell. 

A very low concentration of the dye, neutral rod, was in some experiments 
introduced into the original solution. The fibrils which formed wlien the solution 
was allowed to concentrate were found to be stained. When viewed in polarized 
light (polarizer alone) they ehoweel marked dichroism, with a maximum absorption 
when the £-vcctor was perpendicular to fho axis of the fibril. 

Similar experiments were carried out using solutions of calf-thymus nucleic acid. 
This material was supplied by Professor Butler and Dr Davison. A 1 % solution 
in distilled water was allowed to concentrate as before. In this case the bire- 
fringent region formed along the drying edge of the slide, but the boundary of this 
region was diffuse; no visible fibrils could be seen in any instance within the 
solution. The sign of the birefringent region was again negative when referred to 
the drying edge of the cell. 

Ill order to relate the seif-orientation properties of the solutions more exactly 
to the concentration changes, an interferometer was used to measure the concentra- 
tion-chstanco curve. A cell was ptcpaitHl by cementing two microscope covcrslips 
(no. 3) on to two narrow strips of microscope slide. A drop of nuclco-protein 
solution was introduced into the channel; one surface of the drop was held in 
contact with the end of the channel by surface tension. The other surface was in 
the interior of the cell. Evaporation of water from the surface took place until 
a concentration gradient was sot up in the channel, as in the previous exporimentB. 
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Fioube 6. (a-c). Stages in elongation of tactoid. xlSOO. (d)Tactoidflattenedatfltage9«^ 
showing interwoven helical fibres, x 2500. (e) Mature sperm (negative contrast) 
nucleus (white), tail element (light) and surrounding sheath cytoplasm (dark), x 13 
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addition to the virus particles; for example, free deoxyribosenucleic acid which is 
produced in excess in some cases during synthesis of the virus. But it was found 
that solutions of free nucleic acid, treated under the same conditions produced 
completely unorientated precipitates, indicating that the fibre-forming properties 
are mainly dependent on the behaviour of the virus particles. 

The fibres are birefringent (figure 3 d, plate 3 ) and show considerable dichroisni 
on staining with toluidine blue or neutral red. (Of the same sign as the calf thymus 
nucleo-protein.) They are also elastic and can be stretched reversibly with a micro- 
manipulator to over twice their original length. They require the presence of 
water for the maintenance of their organization because the dichroism and 
birefringence are lost on (hying. 

(6) TAe concentration of high molecular weight material within the living cdl 

Following the studies of the model systems, it was considered that an examina- 
tion of the concentration of high-molecular-weight material within the nucleus of 
the living cell, would be of value in interpreting the behaviour of this complex 
colloidal system. For the study of small objects such as living cells, the divided 
beam type of interference microscope more recently developed by P^on (1949) 
and by Smith (Brit. Pat. 039014 ) is to be preferred to the multiple beam 
system already described. Paries &. Wilkins (1951) and Barer (1952) have used 
the interference microscope to determine the mass of high-molecular-weight 
material in living (jells, with much success (see also Mellors, Kupfer & Hollander 

1953)- . . ^ ^ 

The specific increments (increase of refractive inde.x for addition of 1 g to 
100 ml. of solution) are very similar for many proteins (Adair & Robinson 1930) 
and for nucleic acid; Barer & Tkaezyk (*954) conclude that the refractive index 
provides an accurate measure of the mass per unit volume of high-molecular- 
weight material within the cell; the (jontnbutions from salt solutions and other 
low molecular weight materials are very small. 

If the mass per unit area had been determined in a biological structure, a measure- 
ment of the cell thickness would enable the concentration to be determined. With 
spherical cells, the thickness is known from the geometry, but in most specimens 
seen on the microscope, the thickness is not known. The following simple technique 
has been worked out to enable the concentration to be measured for those living 
cells which can be suspended in their natural medium. 

(i) A drop of cell suspension is mounted on a slide and covered immediately with 
a coveralip ; the volume of the drop should be insufficient to fill the whole area 0 
the coverslip after it has been drawn out by capillary' attraction. No mechanical 
pressure should be applied. The edges of the coverslip are sealed by painting wit 
a molten mixture of paraffin wax and Vaseline. Care should be taken to avoid the 
presence of dust particles on the surfaces. By varying the volume of the drop d 
is possible to control the thickn^ of the liquid layer with reasonable accuracy 
in the range from 5 to 10 /*. In this layer, the cells are compressed between the 
surface of the slide and coverslip. If the cell is not compressed to Jess than half or 
one-third of its normal diameter and is adjacent to an air bubble on the slide, to 
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The bir«fringenfc regions could be examined in the polarizing microscope^ while the 
concentration gradient was examined with, an interference microscope. This 
particular interferometer has been described previously (Ambrose 1948). A pair 
of partially silvered glass plates produce multiple beam interference fringes when 
ilhuninated by an adjustable collimating system using monochromatic light. This 
microscope has been, used by Robinson (1950) for the study of diffusion gradients in 
polymer films. JIultiple beam interference fringes provide an extremely sensitive 
method of detecting small changes of path difference over a given area, as has been 
shown in the case of surface contours in the well-known experiments of Tolansky 
(reviewed by Tolansky (1948)}. 

The interference microscope has recently been modified {Easty & Ambrose 1957) 
BO that the silvered surfaces are completely protected and permanent. The smaU 
cell may be readily inserted and withdrawn from the instrument, without dis- 
turbing the silvered surfaces. 

To study the concentration gradient in the nucleo-protein solution, the fringe 
system is adjusted to run parallel to the length of the channel. An increase in 
concentration causes a vertical and upward displacement of the fringes to occur. 
In figure 2c, plate 2, is shown a curve obtained with the nucleo-protein solution 
already described. In figure 2d, plate 2, is shown a similar curve obtained with the 
nucleic acid solution. The refractive index and concentration of protein show a 
linear relationship up to quite high concentrations (Barer & Tkaciyk 1954). The 
fringe system therefore provides a representation of the concentration-distance 
curve along the channel. 

For nucleic acid, the curve obtained is of the smooth type most usually 
encountered with diffusion processes. But with the nucleo-protein, a sharp change 
of gradient occurs at the point /. This change occurs in the range of 1 to 3 % 
concentration of nucleo-protein. A change of this indicates that a sharp 
change in the diffusion coefficient has occurred. Ifc can be correlated with a sudden 
increase in the degree of association of the macromolecules at a critical concentra- 
tion (Robinson 1950). An aggregation process ia taldng place in the solution of 
nucleo-protein, but no such process is indicated with nueleic acid. 

(ii) Tht formaiion of orienfated fibres by precijpitatirm 
Birefringent and dicliroic fibres can be obtained from solutions of biological 
material by careful precipitation in eorae instances. At neutral pH, a solution of 
T, bacteriophage-virus, obtained by infection of a bacterial culture, shows Tjudall 
scattering. This is due to the presence of virus particles of 800 A diameter -with 
tails of length 1000 A (Avoiy, MacLeod & McCarty 1944). On reducing the pH 
of the medium to 4 by the alow addition of acid in the presence of phosphate buffer, 
extremely long fibres may form from the solution. At neutral pH the solution 
has a viscosity littlo Inglier than that of water, but a tcmporaiy increase in viscosity 
occurs before precipitation, suggesting that anisotropic aggregates are developing 
beforo the appearance of the visible fibres. 

In Bohitiona it jsi difficult to cstahJiah that other eeUular constituents may not 
bo involved in providing adhesive material for the formation of the fibres, in 
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If the rofmctivo index of tho medium is 1-3333 and tlie thickness of the liquid kyer 

isi / \ 

= <(1-3333-1), 

Xin+xim) 

0*3333 


Tills metliod enables the thickness of the layer of medium to be determined to 
I part in 600 for thicknesses of 6 to lO/x- 
(iii) Tho measuring beam is now arranged to pass through the flattened ceil. If 
the retardation through tlio clear part of the cytoplasm is given by 


Tfo=A<^«- 


Tho refractive index {/t^) of the cytoplosm may bo determined, because t, the 
thickness of tho cell, is equal to that of the liquid layer (figure Ic). 

// -1*3333 

Tho concentration of high'molecular-wcight materiaUs then given 0 . ‘ qq|^ ' 

where O'OOISS (a) is tho value of tho specific increment. (Increase of refractive 
indo.x for addition of I g to IGO ml.) 

The concentrations in the nuclear sap and in tho nuclear inclusions may be 
similarly detcmiined. In the measurements on nuclear inclusions, the initial 
diameter of tho inclusion must always be ^atcr than the thickness to which the 
cell is finally compressed; measurements made in the centre of the inclusion will 
then give a measure of the true concentration. For this reason tho large chromo- 
somes of Locusta are particularly suitable for these measurements. Corrections 
should strictly be made for tlie presence of cell membrane and nuclear membrane, 
but these are small compared with the total thickness of the cell and have been 
neglected in tho measurements described below. If the refractive index of the 
medium differs appreciably from that of water (1*3333), the value may be 
determined on an Abb6 refractomctcr. 


(c) Hfsvita obtained mth living celts at various stages of meiosis in 
Schistoccrca gregaria 

Cells observed at various stages of spennatogenesia in Schistoeerca gregana 
provide a particularly suitable system for the type of measurement described above. 
The cells may be separated from the tubules of the testis and the stage of meiosis 
may be recognized readily from tho appearance of the nucleus as seen in the 
interference microscope. Photographs of living cells at various stages are shown 
in figure 4, plate 4. 

Concentration measurements w’cre made on the clear portion of tho cytoplasm, 
nuclear sap and chromosome material in groups of cells at stages from spermato- 
gonium to development of the mature sperm, prepared in the following manner. 

The testes were isolated in a drop of muphibian Ringer solution. A single tubule 
was then mounted by the method already described. The surface tension was 
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provide an adequate supply of oxygen, it will remain healthy under such conditions 
for a considerable time (up to 24 h ivith Asdtts tumour cells {Eaaty, Ledoux & 
Ambrose 1056)). 

(ii) In the Smith (Baker) shearing system of interference microscopy, effectively 
two beams are used, as shown in figure i. Hie reference beam F is allowed to pass 
through the mounting medium of the cell, while the measuring beam M pass^ 
through the air bubble. The analyzer is rotated in monoehromaiic light until the 
medium appears dark; it is then set for the air bubble to appear dark, if the 



A. 




yiCOTiE 1. Method of measuring concentrations in living A, air bubble; JR, reference 
beam; M, measuring beam: C, cells adjacent to air bubbles. Ca, cytoplasm; N«, nuclear 
sap: Chr, chromosome; V, Vaseline. 



difference between the two readings is a:^, a;/l80 gives the fractional number of 
wavelengths retardation. The air bubble will generally show three to four whole 
wavelengths retardation. The number of whole wavelengths retardation is deter- 
mined in white light, using a fringe ejiepiece. Thedispkeomentof iho fringes in the 
air bubble compared with the medium ia observed, and their number n determined 
for the black fringe of zero order. The total retardation through the air bubble 
relative to tho medium is then equal to 
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(iii) This material is carried over during the first meiotic division and in the 
cytoplasm of the interphnsc cell it builds up very long and straight fibres which 
may stretch right across the cell diameter (figure 6c). 

(iv) During the second meiotic division the fibrils are lined up parallel to the 
spindle in the form of a hundio and are drown out at telophase and split trans- 
versely (figures 6d, c). 

(v) The mass of material condenses in each spermatid into a sphere of high 
concentration which remains attached to the nuclear membrane (figure Bf). 

(vi) The sphere slowly elongates into a tactoid shape (figures Co, 6, c, plate 6). 

If c.\'aminc<! at this stage under high power after flattening in the fresh condition, 

it can bo scon that tho organelle is composed of a fine network of Micai/y inter- 
woven fibres (figure fid). 


Discussion 

Tho results described in the experimental section indicate that spontaneously 
ordered structures form quite readily in solutions of calf thymus nucleo-protcm 
and Tj bacteriophage. Tlio building of sucit structures has been described previously 
by Bernal & Fankuchen (1937) in experiments with tobacco mosaic rirus and in 
solution of synthetic polj-pcptides by Elliott A Ambrose (1950). In both these 
systems moderately largo regions of birefringence were observed ; tliey occurred in 
tobacco mosaic virus ns the spindle-shaped structures knou-n as tnctoids, and in the 
synthetic pobTieptidcs as the spherical bodies >vith a tangential arrangement of 
elongated molecules which are known as sphendites. Tlic solutions of calf thjTOUS 
and bactcriopliagc nuclco-protcin are remarkable in tliat tliey form birefringeot 
fibres. 

Tho sharp change in tho diffusion coefficient whicli takes place in the concentra- 
tion tai^gc of I to 3 % m the thymus material suggests that the fibres arc produced 
by an aggregation process (figuro 2c, plate 2). 

In the virus solutions aggregation of particles almost certainly takes place. 
Structures of this kind may bo likened to the liquid crystals which form in solutions 
of certain types of small molecule, they ore intermediate in organization between 
true crystals and solutions, a high proportion of liquid medium being present lu 
the organized phase. The physico-chemical conditions which favour their foona- 
tion are rather similar to those which lead to tho formation of solid cry'stah, i.e. 
a slow increase of concentration under very still conditions, or an exactly' controlled 
reduction of solubility. Such processes differ from those commonly' employed for 
tho preparation of synthetic fibres, where mechanical work must be done in order 
to produce orientation. In fibres drawn from the melt or from a volatile solvent 
the streaming process leads to orientation. Stretching or rolling of the solid fibre 
may also be used in some cases. But in biological systems tlie rates of flow arc very 
small and fibres are mticli more likely to bo produced by a process of self orienta- 
tion, as described m tho present paper. 

Tho measurements which have now Iwjcn carried out on the living cells 0 
S. gregaria indicate that the concentrotion of higli-raolecular-weight material m 
the nuclear threads is at all stage-s much higher than the minimum concentrotion 
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sufficient to drive the cells out into the surrounding medium . Those cells, which were 
adjacent to an air bubble and were flattened to the required extent, were then 
examined. 

TaBI.® 1. CoNCBNTBATIONS OF HMH-MOBECULAR-WEiaHT MATERUL MEASURED 
n? LIVING CELLS DURTNG MEIOSIS IN SCUISTOCHECA OREOAlilA 
{mean values within 10%) 
nucleus 


chroiDOSomea 

nuclear sap 

cytoplasm 


(%) 

(%) 

(%) 

spermatogonium 

ceatu^ 

18 

7 

11 

dividing 

26-32 

12 

“ 

primary spermatocyte 

resting 

IS 

6 

9 

leptoteno 

13 

1 

8 

diakinesia 

20 

n'hole nucleus 

n 

12 

secondary spermatocyte 

interphase 

22 

— 

n 

dividing 

spermatids 

23-32 

— 

13 

early 

n 

— 

10 

developing tail 

11 

— 

8 

mature sperm 

23 


14 


Some results obtained are summarized in tabic 1. From these observations, it 
is clear that 

(i) throughout the stages leading to the last mitotic division, first meiotic 
division and second meiotic division, the chromosomes are present as a distinct 
phase within the nucleus. The concentration of this phase is always high. It is 
always higher than the minimum concentration at which marked aggregation was 
observed in the solutions of nuclco-protein. 

(ii) the concentration of the chromosome phase remains high during interphase 
between first and second meiotic division 

(iii) the nuclear concentration increases during the development of the sperm 
head. 

(d) Cytoplasmic fibres fonrud during meiosis 
During the course of tWs investigation a particularly interesting e.vample of 
fibrogenesis was observed in the cytoplasm of the meiotic cells, which appe.ars 
to be of importance in connexion vk-ith the general mechanism of fibre formation 
(figures S, C, plates 6, 6). 

(i) At the pachytene stage of meiosia a number of particles can bo seen in the 
cj’toplasm, if the analyzer of the interference microscope is set to show them 
up in preference to the nucleus (figure Oo, plate 5). 

(ii) At the diakincsis stage, the particles arc seen to have aggregated to produce 
short fio.viblc fibres (figure 5b). 
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& Butler 1953). They are extremely Bensitive to small changes in the electrolytic 
state of the medium. A change of this land or an increase of concentration due to 
synthesis could account for the appearance of the more coherent structures seen 
during division. With chromosome threads which are formed by weak association 
between particles, the interchange between them which occurs at the' end cf 
pachytene (figure 4/> plate 4), can also be understood. Darlington has pointed out 
that this exchange takes place at the four-stranded stage, i.e. after synthesis of the 
individual thread is complete. 

A mechanism for fibrogencais, based on a process of linear aggregation, has been 
proposed by Astbury & liOmax (1934). Farrant, Rees & Mercer (1947) put forward 
a model of this kind for keratin, based on electron microscope studies of wool fibres 
Randall (1953) has put fonvard a aimilar mechanism to account for collagen 
formation. Tlie cytoplasmic structures which form the tail element in meiosia 
appear to be produced by such a process. Belar (1929) examined this system as 
far as the end of the second anaphase. His material was treated with 5ir-Ringer 
solution and fixed with osmio acid vapour. He showed that the fibres developed 
from cytoplasmic particles which were visible at late pachytene. These fibres 
appear to contract reversibly by a process of spiralization (figure 6, plate 6), 
again suggesting an analogy with chromosome behaviour. It appears that there 
may be physical similarities in the basic mecham'sros of fibrogenesis and fibre 
behaviour in a number of cellular systems. 

In conclusion it may be pointed out that the spontaneous formation of organized 
structures in solution will be favoured by the following conditions: 

(!) The presence of moderately large and compact particles which will not be • 
affected unduly by Bro^mian movement. 

(2) Weak forces of interaction between the particles which will enable the equi- 
bbrium state to be reached by rearrangements under almost reversible conditions. 

These properties appear to be well developed in nudeo-proteins. 

SUMMAKr 

1. Unlike the fibres usually produced with synthetic materielB, orientated fibres 
can be formed by biological systems without the application of external work. 
With calf thymus nucleo-protein, this occurs by an aggregation process when 
a critical concentration of the solution has been reached. These properties of fibre 
formation are not shown by nucleic acid alone. 

2. In order to examine these phenomena in more detail a new technique has 
been worked out for the measurement of cell thickness, phase retardation and 
hence of concentrations of substances of high molecular weight within various 
regions of the living cell, which in the case of the nuclear threads are assumed to be 
nucleo-protein. Such measurements indicate that during meiosis, the concentra- 
tion of such substances within the nucleus is always higher than the minimt^ 
value required to produce fibre formation in the model system of nucleo-protem, 
which has been studied. 

3. With the interference microset^ threads can in fact be seen in the resting 
nuclei of living cells in meiosis of S. gitgaria throughout the cell cycle. 


( 412 ) 



Fibre formation by caviar systems 65 

at wliich a marked degree of association occurs m solutions of calf thymus nucleo- 
protein. The presence of salt in the living nucleus will in fact lead to association 
at an even lower concentration (Ambrose & Butler 1953). Allowance must be made 
for the cUfference between mammalian and insect tissues, but measurements have 
shown that the concentrations in insect cells are in fact lower than those of 
mammalian cells. It is therefore likely that organized structures will be present 
within the nucleus at all stages of the cell cycle. 

Evidence in favour of this view is given by the photographs shown in figure 4, 
plate 4. Interference microscopy provides a ayatem of much greater sensitivity 
than any previously known for detecting small changes of refractive index in an 
inhomogeneous medium (Ambrose 1948). In figure 4, thread-like structures can be 
seen within the nuclei of all cells. 

Various other tissue of Schistocerca have also been examined in collaboration 
with Dr A. R. Gopal-Ayengar. When favourable optical conditions have been 
obtained, thread-like structures have been seen in all nuclei. S. gregaria provides 
a particularly favourable case for observing threads in the cell nuclei, because the 
chromosomes are laige. 

It is of coi^derable interest to note that Japanese workers (Fujii 1926; 
Kuwada 19371 Kuwada, Sinke & Nakagawa 1939) found, as a result of their 
Btadies of hving plant material, that the visibility of tlireads within the resting 
nucleus was simply dependent upon the salt concentration of the surrounding 
medium. They concluded that the density of the threads was dependent upon thoir 
degree of hydration. The difficulty experienced by recent workers with animal cells 
has probably been due to the small size of tbe chromosomes. Apart from problems 
of fixation, the electron microscope in particular is probably too insensitive to detect 
these small differences between the density of the threads and tho nuclear sap, 
which can be seen, however, in the interference microscope. 

As indicated in table I the concentration of the disperse phase (chromosome 
phase) increases in the nucleus as the cell comes towards division. This change is 
accompanied by increased clarity of the structures. It is also accompanied by spira- 
Hzation which leads to longitudinal contraction. After the first meiotic division, the 
concentration in the interphase remains high (22 %). The second meiotic division 
is believed to follow without further synthesis of chromosome material. It is 
possible that the concentration within the nucleus may be of more relevance to 
the process of cell division than the total content (mass) of nuclear material. 

Darlington (1937) has considered in some detail the role of atructures similar to 
liquid crystals in relation to the behaviour of dividing colb. According to tho 
balance theory of mitosis the chromosomes are looked upon as electrically charged 
bodies, whose arrangement at various stages of the cycle depends upon the 
magnitude and distribution of tho charges, particularly those associated with tho 
ccnlrosomes and centromeres. Tho spindle is also considered to be a loose? arrange- 
ment of particles whose cohesion increases as the cell divides. Tho experiments 
described in tho present paper suggest that n simOar physical picture may explain 
the behaviour of the chromosomes thcrasclves during their development within 
the resting nucleus, Xucleo-proteins are known to bo negatively charged (Ambrose 
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INTRODUCTION 

The most sensitive technique available for analysing complex mixtures of proteins 
consists of using these substances, by injection into a suitable animal, as antigens, 
and allowing them to diffuse through a gel containing the antibodies produced by 
the animal. Each antigen and its specific antibody combine in certain proportions, 
and if they are present in sufficient amounts a band of precipitate U formed. 

Oudin (1946) allowed one reactant to diffuse into a gel in which the other vi-as 
uniformly distributed. Ouchterlony (1949) and EIck {1948) allowed both com- 
ponents to diffuse towards one anoAcr through a gel. Complex mixtures of 
antigens and antibodies should be capable of analysis by means of these technique* 
since each specific antigen-antibody system behaves independently as if the others 
were not present. 

The principles of the interferometric technique have been described by Ambrose 
(1948), and a similar technique has been used by Robinson (1950) to examine the 
diffusion of solvents through polymers. It consists essentially of observing the 
diffusion of the reactants through a column of gel by means of an interference 
system of the Fabry-Perot type derived from the multiple reflexions of a beam 0 
light between two reflecting surfaces inclined to form a wedge (Text-fig- 
Interference fringes are observed, each fringe being a contour line of constant 
optical path. As diffusion of antigen or antibody proceeds a change of refractive 
index occurs and the initially straight fringes bend, each fringe representing exa^y 
the refractive index gradient of the diffusing substance. If there is an accumulaUon 
of a complex between an antigen and its specific antibody in a particular repon, 
an inflexion in the fringes occurs (Text-fig, sb) in which the peak correspon s 
the point of equivalence of the antigen and antibody. The quantity of andgen an 
antibody localized before commencement of precipitation may be 
directly from the area under the peak and the thickness of the gel. The technique 1 
applicable to extremely complex mixtures of antigens and antibodies, and is a so 
very sensitive method of qualitative analysis. 
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4. The formation of fibres by an aggregation process can also be seen to occur 
in the cytoplasm, during the formation of the secondary spermatocyte and imma- 
ture sperm. These fibres abo show apiralization phenomena which are analogous 
to chromosomes. Spiralization may in fact provide the simplest mechanism for the 
contraction, as the result of cohesive forces, of any fibre of moderate rigidity. 

The author is grateful to Professor A. Haddow for his interest and encouragement 
in this work. He would also like to thank Professor C. B. Darlington, P.R.S., for 
his interest and advice. He is grateful to Professor J. A. V. Butler, P.R,S., for the 
samples of nucleo-protein. He is indebted to Dr B. P. Uvarov, P.R.S., and 
Mr P. Hunter-Jones of the Anti liOtust Campaign for providing specimens of 
S. greyaria, and to Professor P. C. KoUer and Dr R. J. Goldacre for help in isolating 
the meiotic cells. He is much indebted to Dr A. Loveless for preparations of 
bacteriophage and help in the study of the fibres, also to Mr F. E. Speed for 
help with the photography. 
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Quantitative analysis of antigen-antibody reactions in gels 



A. 


i 

(a) Illustratine the prmctple of the method; and (6) indicating the interference 
fringes in the seme orientation. 


METHODS 

The mterference system consists of two \ in. thick glass plates (2 by j J in.). Plates 
of this thickness are used in order to prevent distortion of the fringes when the 
plates are subjected to the slight pressure which it is necessary to apply to adjust the 
angle between them. Each plate is optically fiat on one surface which is silvered 
in vacuo to give about 10% transmission of white light. The density of the silvering 
is important since if the film is too dense, insulfidcnt light is transmitted, and if the 
film is insufficiently dense the lack of contrast in the interference fringes makes 
observation difficult. The silver film is very easily damaged and deteriorates if 
exposed to the atmosphere for too long. To overcome these difficulties the silvered 
surfaces can be protected with large cover-slips cut to size and held on the silvered 
surface by a thin film of immersion oil. The protection can be made even more 
secure by sealing the edges of the cover-slip and plates with a cold-setting resin 
such as ‘Araldite’. Protected this way and used carefully, one pair of silvered 
optical fiats will last almost indefinitely. Thin cover-slips were used to protect the 
silver film rather than thicker glass plates, since the contrast of the fringes decreases 
M the distance between the silvered surfaces increases, although the sensitivity is 
increased at the same time. 

The apparatus is shown diagrammatically in Text-figs. 2-4. 
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RESULTS 

Two main methods have been used by previous workers to characterize antigens 
present in a mixture. The first, developed by Oudin (1947, 1948 a, b, 1949), consists 
of allowing the antigenic mixture to dllTuse into antiserum which has been set in agar, 
when a number of predpitation fronts are developed. The distance travelled by 
these fronts depends on the concentration of the antigenic components, on their 
diffusion coefficients and on the square root of the time. The diffusion coeffidenu 
can be determined from the diffusion lest and thus the quantities of andgens may be 
determined. Becker (1953) and other workers, however, claim that the presence of 
non-reacting substances can lead to serious errors in the estimation, matdy due to 
the effect the)' have on the migration rates of the bands. 

The second method, developed by Oaklc)* & Fulthorpe (1953), uses a double 
diffusion technique. Antiserum is set In agar In the bottom of a tube; on this is 
placed a central column of agar on which the antigenic mixture is poured. Disks 
of precipitate are formed in the agar column. If an antigen is diluted its disk appears 
higher in the column and is fainter. TTie amounts of antigen present in the mixture 
may be roughly estimated by finding the smallest amount of it which, when aI!o1^cd 
to diffuse through constant antiserum, gives a line in the upper meniscus of the 
central agar column. Presumably the system is first calibrated by using a solution 
containing a known concentration of the antigen. Furthermore, the antigens may 
be characterized by the values of antisera against them, determined by finding 
amounts of antisera it is necessary to add to the antigenic mixture to move each line 
in turn into the upper meniscus, or to cause It to fade out. With mixtures giving a 
few lines, Oakley has achieved considerable accurac)’ with this technique, but the 
more complex the mixture the more difficult It is to apply. 

QUALITATIVE APPLICATIONS 

Qualitatively, the interferometric method is superior to the techniques at present 
used to detect the number of bands or fronts formed, particularly when the aC' 
cumulation of antigen-antibody complex has been too small to result in the forma- 
tion of a precipitate. This occurs most frequently with 'flocculating' systems but 

also in ‘precipitating’ systems. Such regions can often be picked out as Schliercn 
lines without the aid of the interferometer but if there are several of them close 
together It Is generally impossible to count the number. PI. t,fig. 3 > show's such a 
system, wliich when viewed suitably with the naked eye or ordinary microsro^ 
showed a broad region obviously containing a large number of lines which contain 
no detectable precipitate. It was impossible, however, to form an accurate estimate 
of the number present Vieiving through the interferometer immediately ^ 

large number of small but definite peaks in the fringes, which cannot be caused y 
an irregular mhomogeneity in the gel as the peaks in the fringes are superimposa^ 
showing that the inhomogeneity runs right across the width of the channel at «g ^ 
angles to the direction of diffusion. This can be seen more clearly in the tracing 0 
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The two plates with their silvered surfaces facing one another are placed hori- 
zontally on a microscope stage separated by two narrow strips of sponge rubber or 
thin steel springs leaving a gap of 2-3 mm. The plat^ are mounted in a rigid brass 
framework which has four vertical screws which may be screwed down on to the 
four corners of the uppermost plate, thus permitting the delicate adjustment of the 
angle between the plates on which the spacing of the fringes is dependent. The 
object to be viewed is placed between the plates with a film of immersion oil between 
the object and the plates. The plates are adjusted until they are almost parallel. 
They are illuminated from below by 3 beam of parallel monochromatic light from a 
low-pressure mercury vapour lamp. For photography it was found advantageous 
to insert a Kodak Didymium filter. The angle of incidence of the monochromatic 
light, on which the sharpness of the fringes is very dependent, must be adjustable 
by means of a horizontally movable pin-hole. Very sharp Fabry-Perot-type fringes 
are obtained on a practically dark field, each fringe being a contour line of constant 
optical path between the silvered surfaces of the plates. The wedge angle between 
the plates is usually adjusted to be at right angles to the direction of diffusion, and 
as diffusion proceeds there is a displacement of the fringes to maintain the optical 
path constant. 

The diffusions were generally carried out in cells constructed from three micro- 
scope slides. One slide was cut along its length Into two halves which were placed 
between two whole slides to form a fiat tube about 4 mm. wide, i mm. deep and 
7 mm. long, open at both ends. For ordinary purposes the best seal was obtained by 
dipping the edges of the cell, held firmly in a bulldog-clip, into a dish of molten 
paraffin wax containing an equal quantity of vaseline. It was found that a strong 
watertight seal was obtained without any wax penetrating into the diffusion channel. 
If microscope slides haring obvious optical flaws were rejected it was found that the 
slides were sufficiently fiat over the small areas utilized to give no distortion of the 
interference fringes. The molten gel was then injected into the centre of the channel 
using a hypodermic syringe, care being taken to avoid the formation of bubbles 
which is not difficult if the channel is free of grease. When the gel had set the 
antigen solution was injected into the space at one end of the column of gel and the 
antibody solution at the opposite end. The ends of the channel were then sealed 
with a little of the molten paraffin wax/vaselinc mixture. 

The use of gelatin presents no difficulties as it adheres strongly to glass, but a^r 
contracts on setting and often a leakage occurred along one or more of the agar/glass 
interfaces. This can be overcome in the ordinary gel-diffusion technique by drying a 
film of agar gel on to the glass before adding the agar diffusion gel. When this was 
tried it was found that the resulting column of gel, although homogeneous to the 
naked eye, was far from being so under the interferometer. One way of overcoming 
this leakage difficulty using agar gel was to allow the agar to set and then to inject 
gelatin solution into the spaces at cither end of the agar column. The excess gelatin 
solution was carefully drained off using filter paper, and the remainder which wets 
jd the surfaces was allowed to set, thus scaling all the potential leaking interfaces. 
Tlic thin film of gelatin was found not to retard diffusion to any detectable extent. 
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fig. i) since no precipitate is formed until the ratio of antigen to antibody rises to a 
certain minimal level. Such systems are horse antisera against certain proteins such 
as diphtheria toxin, serum albumins, ovalbumin and conalbumin. With the ‘rabbit’ 
(precipitating) systems the peaks are not so large as precipitate is formed however 
high the ratio of antigen to antibody may be; and precipitated complex appears as a 
more or less opaque region in the interferometer. With both systems, once the 
precipitate has been formed it does not contribute to the refractive index in that 
repon to the extent which it would in the absence of precipitate formation. There 
are two procedures for overcoming this difficulty. 

(i) Dilution of reactants 

The antigen and antibody solutions are allowed to diffuse through the gel for a 
certain period and interact. The areas under any observable peaks as in PI. i, fig. i, 
are measured and the quantities present calculated. By diluting the antigen and 
antibody solutions to the same extent any dense bands will diminish and eventually 
give measurable peak areas. The positions of the bands should be unchanged as 
both the antigen and antibody solutions are diluted to the same extent. From the 
measured areas under the peaks at different dilutions the quantity of each antigen- 
antibody complex can be calculated. 

(2) Dissolving the precipitates 

Turner & Boyer ( 1952) have shown that the antigen«antibody precipitates may be 
completely dissolved at pH 1 1 or above, forming large aggregates with particle sizes 
about X 250 the diphtheria antitoxin molecule in the case of the diphtheria toxin- 
antitoxin complex. Some loss of serological activity occurs but this should have Httle 
effect, if any, on the refractive index of the proteins concerned. Kleinschmidt 
& Boyer (1952) found that a solution of sodium dodecyl sulphate was the most 
active reagent for dissolving the complexes and this was found to be true also for 
the complexes formed in the gels. Unfortunately, sodium dodecyl sulphate dissolves 
gelatin most effectively, so this reagent can only be used with agar gel. It was found, 
however, that provided the pH was kept below 1 3 units and the gelatin was not too 
weak the bands of precipitate could be dissolved without dissolving the gelatin. 
Both sodium dodecyl sulphate and alkaline solutions may be used for dissolving 
bands of precipitate formed in agar. Two techniques were developed for dissolving 
the bands. 

(a) By diffusion of reagent from the antigen or antibody wells 

This could be applied to both geUtin and agar columns. The wells at either end 
of the diffusion column were drained and filled with the reagent. The reagent slowly 
diffused and dissolved the bands of precipitate. The stages in the dissolution of an 
opaque band of precipitate with the formation of a peak is illustrated in Ph 
figs. 3-6. The peaks gradually become broader and flatter as the particles of comp^ ex 
diffuse away. This process may take from a few minutes to several hours depending 
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the contours of the fringes shown in Text-fig. 5. The muItipHcity of the main 
opaque band on the right of PI, i, fig. 3, can be seen in the interferometer but not 
with the ordinary microscope. Occasionally, very f«nt diffuse bands were en- 
countered in ‘precipitating’ systems which were just detectable to the naked eye 
but did not appear as peaks in the fringes, presumably because they were not 
contributing sufficiently to the refractive index. Such bands are easily detectable, 
however, by adjusting the angle of the incident beam so that the fringes almost 
vanish. 



Tnct-fig. Tracing of the eontoun of the fnngea shown in Pi. 1, hg. 


The increased sensitivity of the interferometer over other methods of examination 
U demonstrated by the observation that the main band of the diphtheria toxin- 
antitoxin system could be resolved into at least six razor-sharp interference peaks 
within the narrow band of precipitate, which appears to be single and homogeneous 
under the ordinary microscope- This is in agreement with the observation of 
Pope (1954) that crystalline diphtheria toxin contained at least six antigens, 
although it gave a single line in the diffusion test. PI. 1, fig. 4, considerably 
enlarged and taken with the fringes almost completely spread out, shows the 
complexity of this main band. 


QUANTITATIVE APPLICATIONS 

The quantitative applications of the method are all based on the measurement, of 
the areas under the peaks formed in the interference fringes by the accumulation 
of antigen-antibody complex. Fortunately, the refractive indices and specific 
refractive increments are almost constant for all proteins (Adair & Robinson, 1930), 
hence the relative and absolute amounts of protein present in each peak in the 
diffusion cell may be measured. This will be roughly true even for non-protein 
antigens since the polyvalent antigens generally combine with considerable excess 
of antibody to form the complex at equivalence point. The measurement of the 
areas under the peaks is greatly simplified by the use of the camera lucida. Pro- 
nounced peaks are easily observed with ‘horse' (flocculating) systems (see PI. i, 
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Suppose that the width of the channel is wcm. and that the extreinc edges of the 
zone of precipitation are at points 4 and along the length' of the channel. 


Total mass in the it^ction zone 


■j:s- 


ttodl 






dl 


J n^dl is simply the area measured under the peak expressed in fringe displace- 
h 

ment along the length of the channel. 

A measurement of this quantity indicates the total mass of antigen-antibody 
complex formed within the reaction zone. 

There are errors inherent in both these procedures, but they should be less than 
those mentioned by Becker (1953) in estimations by Nordstrom in his laboratory of 
bovine serum albumin with rabbit anti-bovine serum albumin using the Oudin 
technique, when errors of 50-60% were encountered. 


GENERAL OBSERVATIONS 

We have obtained indications that when a band of precipitate becomes too dense it 
can act as a barrier, since the concentration of substances in solution on one side of 
the band has been found to be higher than on the other side. It should be empha- 
sized that this has only been observed in a few extreme cases. It is probable that 
beyond a certain critical density the band of precipitate may become virtually 
impermeable to components of very high molecular weight. Similarly, with very 
dense bands the structure of the supporting gel appears to be disrupted where the 
band is formed since the column of gel will break exactly at that point if gently 
agitated in water. With care the thin sheet of precipitate may be separated quite 
sharply from the gel on either side by this treatment. 

The interferometric observations are in agreement with the principle of Goldberg 
(1952) that the aggregates of antigen and antibody will continue to grow up to ^ 
critical point at which a few large aggregates will be formed by the union of 
numerous aggregates of moderate size, which then precipitate. Most complexes 
may be detected as peaks in the interference fringes before any precipitate is forme . 
These peaks do not diffuse away if the antigen and antibody solutions are withdraw^, 
and must therefore be in the form of aggregates too large to diffuse through t c 
interstices of the gel but not sufficiently large to form a visible precipitate. 

The examination of the diffusion gradients of the antigen or antibody solutions 
alone in the absence of the other reactant has not revealed any indication of t e 
absorption of any component by the gel, whether agar or gelatin. Diffusion is muc 
slower through gelatin and the resulting bands and peaks appreciably sharper, u 
using the double-diffusion technique it has also been observed that if the antigen 
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on the strength of the reagent at the site, and the nature and quantity of the precipi- 
tate present. Unfortunately the presence of a diffusion gradient of the reagent can 
sometimes obscure the peaks obtained and to try to avoid this the second technique 
was developed. 

(b) By diffusion of the reagent from the side of the diffusion column 

This technique has only been tried with agar gel owing to the difficulties en- 
countered in exposing the side of a gelatin column without distortion of the gel and 
hence of the fringes. The glass cell is split with the blade of a scalpel and the column 
of gel is floated off the microscope slide into a solution of the reagent, and then 
quickly placed betw'een the interference plates, the air gap between the column of 
gel and the plates being filled with a thin film of reagent solution. Effective diffusion 
appears to take place mainly from the exposed surfaces where the gel is in contact 
with a large volume of reagent solution. The bands dissolve as illustrated in PI, 2, 
figs. I, a. The advantage of this technique over the first one is that all bands are 
dissolved simultaneously, the reagent diffusion gradient being across the width of 
the cell instead of along its length and thus each band should be dissolved in the 
same gradient and any distortions are the same for each peak obtained. The dis- 
advantage is that the peaks appear to be broader and flatter than those obtained by 
the first technique. 

Both these methods possess an advantage over the dilution of reactants technique 
in that it is possible to obtain a measure of the quantities present in each band using 
a single diffusion cell, which need only contain o*i-o*2 ml. of antigen and antibody 
solution. Generally, weak bands of precipitate are obliterated before the transient 
peak areas can be measured, and in practice it is preferable to combine both the 
dilution and dissolution techniques, i.c. measure the areas under the peaks where 
the precipitate is not dense enough to interfere, then dissolve the bands and estimate 
the quantity present in each of the peaks resulting from the dense bands. In order 
to determine the total mass of complex in a given band the displacement of the 
fringes in a direction perpendicular to the length of the channel should be measured, 
the fringes in the clear medium being set to run parallel to the length of the channel. 

Let us consider a particular point in the reaction jfone (distance / cm. along the 
channel) where the shift relative to the clear medium is fringes (expressed in 
whole fringes plus any fractional shift). The retardation of the light beam is then 
equal to n^X cm., where X is the wave-length of mercury green radiation. Suppose 
\bat the refractive index of the medium at this point is equal to while that of the 
clear medium is /i„,. If tcm. is the cell depth 

2t = 

The specific protein increment («) is the increase of refractive index for the addition 
of 1 g. of protein to 100 ml. of medium (0*00185 f®*’ most proteins). If x g./ioo ml. 
is the concentration of complex at the pven point in the reaction rone 
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EASTY AND AMBROSE— AN INTERFEROMETRIC METHOD OF QUANTITATIVE 
ANALYSIS OF ANTIGEN-ANTIBODY REACTIONS IN GELS 


69 Quantitative analysis of antigen-antibody reactions in gels 
and antibody wells are at least three to four times larger in volume than the column 
of gel between them, the bands of precipitate and peaks remain stationary once they 
are formed indicating that a steady state has been formed. 

It is hoped that the technique may prove of general application, particularly to a 
study of the complex mixtures of proteins associated with problems of tissue 
specificity. 

SUMMARY 

1. A sensitive interferometric method of observing antigen-antibody complexes 
formed by diffusion of the reactants through gels in suitable diffusion cells is 
described. 

2. Bands of antigen-antibody complex, if not too dense, are observed as peaks 
in the interference fringes, the areas under the peaks being proportional to the 
quantities present in each band. 

3. The method may be made quantitative by measurement of the areas under 
the peaks of bands in which precipitation has not progressed too far, and by dis- 
solving the bands of dense precipitate by diffusion of a suitable reagent to give 
peaks in the fringes. 

4. An equation expressing the quantity of precipitate present in a band has been 
derived. 

The authors wish to thank Prof. A. Haddow for his encouragement in this work 
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EXPLANATION OF PLATES 

PtATB I 

Fig. t. Diphtheria tax[n*aRtitoxtn tyitem in the interferometer, ihowing interference fringes and 
one opaque band of precipitate ; alto a number of peaka where prrdpitarion either his not 
occurred or haa just commenced. 

Fig. 3, Another diphtheria toxin>antttoxin ajritem in the interferometer with the interference 
fringes almost completely obscured ao that only risible bands of precipitates are detectable. 

Fig. 3, A rat aerum-antirat*serum ayatem showing numerous small peaks indicating the pmenceef 
many eomplexe*. most of which had not formed any visible precipitate. The group of fine diA 
bands on the right-hand side show the multiplicity of a band of preetpiute which appesred 
single under the ordinary microscope. 

Fig. 4. A greatly enlarged; photograph of the main band from the diphtheria wxin»antitoxin *7*^ 
taken with the mterferometer using a large pinhole end the fringes almwt completely obscurM 
Six or more components may be seen. This effect coufd only be detected itsnesriy sttgtw 
development of the band and with a considerable distance between the toxin and antitoxin wells. 

Fig. 2. Opaque band of precipitates before dissolution. 

Fig. 3. Same band showing fnngea und formarion of apeak on dissolution of the band of ptwpiw** 
by diffusing reagent into the side of the column of get. In the photograph diffusion is Ukrng 
place from the upper edge. 

Fig. 3. A band of precipitate ahowisig fringes before dissolution of the precipitate. 

Fig. 4. The same band with reagent diffusing from the left. The opaque band has almost completriy 
dissolved producing a marked inflexion of the fringes. _ . . 

Fig. 5. The same band 5 min. later. The band has completely dissolved and a tingle fringe mayo* 
followed through from one aide of the peak to the other. , , 

Fig. 6. The same band to mm. aftetr fig. $. The peak 11 shorter and broader as diffusion of 
dissolved and dissociated antigen-antibody complex proceeds. 
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ImagawA, Syvcrton and Bittner (1954) showed that antisera to mouse 
mammary cancer cells wero <^totoxic to the tumour cells. The elimination by 
repeated adsorption of the antigenic components which were possessed in common 
by normal cells and cancer cells from the same host species was without apparent 
effect upon the specificity of the cytotoxic antiserum. 

In the work reported hero cell suspensions wero also used to investigate the 
cytotoxicity of the antisera. A gel-diffusion technique based on those developed 
by Oiidin (194G) and Ouchtcrlony (1948) was employed to detect differences in 
the composition of the soluble antigens of the tumours cells and the normal cells 
of the host. It is certain that not all the antigens present in a cell can be detected 
using the gel-diffusion technique because of the presence of some of the antigens 
in verj’ small quantities and the presence of others in a non-diffusablo particulate 
or fibrous form. It was thought that the study of" the effect of the antisera on the 
living cells in vitro might prove useful for detecting antigens not revealed by the 
gel-diffusion technique, in particular those antigens present in the cell membrane. 


.MATERIALS AND METHODS 

(a) Tranaptanlalion of tumours. — Tlio Ehrlich and Landschlitz ascites tumours 
were propagated in the C — and C -h strain mice respectively. The tumours 
were propagated by injecting 0'3-0*4 ml. of the ascitic fluid intraperitoneally 
into mice of the appropriate strain. The Ehrlich ascitic fluid was frequently 
haemorrhagic, whereas the Landschiitz fluid was generally cream in colour 
and contained relatively few red blood cells. , 

(b) Pieparation of antisera. — For immunization the ascitic fluids were with- 
drawn using a sjTingc, washed Avith caIcium-fn?o cltroted Locke’s solution and 
most of the cells collected by gentle centrifugation. Tins was repeated five or six 
times. The use of the calcium-free citrated Locke’s solution was found to reduw 
considerably the clumping of the cells which took place on centrifugation and 
which interfered uith the efficiency of the washing. The red blo^ cells were 
removed as much as possible with the supernatant fluid, and suspensions of Land- 
schutz ascites cells were obtained wliich after five washings contained less than one 
red blood cell to fifty tumour cells. Provided the washing procedure was 

out quickly and centrifugation was gentle, most of the tumour cells appea^ to 
remain intact. Rabbits vvero immunized by intravenous injections both of intact 
and homogenized ascites tumour colls twice n week for four weeks. The sera 
obtained after bleeding the rabbits appeared to possess approximately the same 
immunological properties and litre regardless of whether the cells injected were 
intact or homogenized. One rabbit was immunized by subcutaneously injecting 
cells which had been emulsified with Arlacel A and Bayol F. 

(c) Preparation of cell suspensions. — ^The preparation of tumour cell suspen- 
sions naturally presented no difficulty. The cells were washed once with calcium- 
free citrated Locke’s solution and then tw’o or three times with calcium-iree 
liOcke’s solution containing no citrate. The preparation of suspensions 

cells of the host mice in an intact condition presented much ^ater dimculty 
The mice were perfused through the aorta with citrated calcium-free Lockes 
solution. The liver, kidney and spleen were removed, finely chopped and gen y 
shaken in tubes containing calcium-free Locke’s solution. The suspensions were 
allowed to settle for a few minutes and the supernatant fluid containing varying 
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One of the main problems encountered in an investigation of the possible 
antigenic differences distinguishing normal and tumour cells is the difRculty of 
obtaining " pure " suspensions of tumour cells essentially free of contaminating 
normal cells for immunization. There appear to be three ways of obtaining cells 
in this condition ; tissue culture, ascites tumours and cell suspensions made from 
solid tumours. It is difficult to obtainauspensions of tumour cells from solid tumours 
which arc free of normal cells and in reasonably high yield, whereas ascites tumour 
cells can bo obtained in large quantities virtually free of all normal cells except 
blood ceils, most of which can be removed by careful centrifugation. Klein (IPSO) 
has stated, “ In typical ascites tumours the percentage of neoplastic colls is 
very high and represents n nearly pure culture 

For these reasons it was decided to investigate using immunological techniques 
any antigenic differences that might exist between mouse ascites tumours and the 
normal cells of the host. Genetic differences would certainly exist between the 
tumours and the normal cells of the host and it would bo of interest to see if the 
techniques employed would dcmonslrate such differtmees unambiguously. 

Various workers have prepared antisera which they claimed showed varying 
degrees of specificity for the tissue injected, whereas others claim to have found 
little evidence for specificity beyond species specificity. Verne and Oberling 
(1032) claimed that rabbit antirat kidney serum damaged epithelium and fibro- 
blasts of Wdney in tissue culture but had no effect on cells from other organs. 
Uarris (1043) found compete sjiecies specificity with antisera prepnretl by injecting 
chick and mouse tissues into rats, but only partial organ specificity. Lambert 
(lOU) injected three guinea-pigs each with a different rat tissuo and found that 
^,,,--1 ..I p^-., ,t 1 M--: r that 

. : • ; ■ • ■ 1 « there 

■■■ • ! . They 

also showctl that by in W/ra purification some of tlio tumour localizing anliliodjcs 
could 1>c partially separated from the liver and kidney localizing antibodies. 
SlacuUa (Jfi4S) conciudetl from work on the comparativo antigenic composition 
of homologous and heterologous mouse tumour transplants that all the tumours 
apjjeaml to posses intracolluiarantigenic compositions in common with adult spleen 
and lunp, but some tumours ap|>cBinl to possess a component not present m normal 
tiMHP. Schrek ami Preston (lfir>6) have shown that sera from rats with rcgreswl 
V mpho^rcoma have an antilaxly* against the cells of this tissue. These workem 
uwl cell suspensions to demonstrate the cytotoxicity of their sera 
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the normal tissue cells. At 37® the tumour cells in the presence of a mixture of 
immune serum and normal rabbit serum underwent lysis within 5 minutes wth 
no cells surviving except on rare occasions when a few cells survived for half- 
an-hour. Normal liver cells would survive under these conditions for about 
an hour before lysis became markedly apparent. In normal rabbit serum the viable 
tumour cells, if unflattened, presented a characteristic appearance in the inter- 
ference microscope. With the interference contrast adjusted to give a bright 
field the periphery of tho cell una marked by a narrow, well-defined dark ring 
with little structure visible inside the cell ^Fig. 1). Generally the outer margin of 
the cells showed the undulating activity of the membrane which can be observed 
very clearly using tho interference microscope. When the immune serum was 
introduced the tumour cells rounded up immediately and the dark, well-defined 
periphery began to extend inwards from tho edge of the cell (Fig. 2). Tlie freely 
moving cells quickly aggregated into clumps and within a few minutes blisters 
of clear cytoplasm containing few visible granules w'ere formed on the surfaces 
of the cells (Fig. 2). As the degenerative changes proceeded and the lysb developed 
the nucleus became more prominent, andstructures uithin it and the cytoplasm 
became apparent. After 5 to 10 minutes the cytoplasm was observed to have 
almost as low a refractive index as the medium surrounding the cells (Kg. 3). 
This occurred even nrith those cells U'hieh had not formed cytophamic blisters 
and thtis not sufFered a severe change in cell volume. This pronounced drop in 

the refractive index indicated that most of the cytoplasmic constituents had been 

lost. Tlie membrane appeared, to be intact at this stage, not breaking down and 
releasing the granular constituents of the cell until about 20 minutes after the 
addition of the immune serum The cell appeared to liave reached an irroversibw 
condition long before the cell membrane broke dov\-n. If cells were jncubated 
with immune serum for 6 minutes and then wa.shed to remove immune seram. 
the degenerative changes continued at a reduced rate, recovery of individual 
cells being rarely observed. The nucleus also lost material at a later stage when 
the chromatin granules became more clearly visible. 

The effect of the immune serum on Ehrlich ascites cells was examined in greater 
detail using the interference microscope and time-lapse colour cinematograph}’- 
The immune senim was drawn under the coverslip using filter paper whilst the 
cells were being filmed. The cells reacted immediately to the antiserum, expanding 
very quickly. This was followed after a short interval by a contraction in ^h^h 
the cdl returned roughly to its original size. After another short interval the 
characteristic cytoplasmic blwters were fonned, ballooning out from the suna^ 
of the cell. The whole process generally took less than 2 minutes with very active 
immune serum. • 

Similar effects were seenwhensuspeusionsofnormalcellswere treated ‘witht e 

immune serum, except that under comparable conditions the normal tissue 
cells took longer to lyse and did not usually form blisters of cytoplasm which v as 
such a distinctive feature of the tumour cell death. Tlic gradual loss of materia 
from the cytoplasm together with the appearance of cytoplasmic granules an 
nuclear structure was observed, as with tumour cells. Aggregation of suspension 
of normal cells did not occur to the same extent as vvith tumour cells with t ® 
exception of erythrocytes. Dilution of the immune serum by a factor of 200 s i 
produced detectable cytolysis of the tumour ceils but hardly at all with norma 
cells except erythrocytes. 
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numbers of individual and small clumps of cells were washed \vith calcimn-freo 
Locke's solution and concentrated by gentle centrifugation. 

At room temperature and at 37* tho tumour coU suspensions aj)peared to 
remain intact for far greater lengths of time than any of the normal cell prepara- 
tions, whether suspended in Locke's solution or nith normal serum added. For 
tho t« vtfro testa the cells were ■ '1 : ' 

scope slide and the coverslip bc ‘ • “ • ■ ' ■ ■ ■ •, 

mixture and the cells examined . • • • ‘ ; '• ' • ^ 

in a perspex box maintained at 37*. At this temperature it u-as found tliat most 
preparations of normal cells in Locke’s solution or in norma! serum began to show 
morphological changes preceding cell death after about half-an-hour and most 
of tlie cells did not survive more than 3 hours. Occasionally, preparations of normal 
cells were obtained in which groups of cells aj>peared to be intact after 6 hours. 
Tumour cell preparations, on tlte other hand, would often last for 24 hours uiider 
these conditions especially in tho presence of added normal serum. 

(d) Absorption of immune sera. — ^The immune sera were absorbed Avith blood 
and finely minced tissues of the host by incubating the tissues and the iramujie 
sera together at 37'^ for holf-an-hour and then leaving at U-4* for several days. 
The serum was then recovered by centrifugation and stored frozen. As far as 
possible, care was taken to avoid the addition of too great an excess of blood or 
tissues in order to reduce the possibility of non-specific absorption of antibodies. 

Analytical methods 

(a) In vitro tests — The interference microscope was used to examine the action 
of various antisera on normal and tumour cells in vitro. The interference microscope 
is particularly suitable for the detection of lysis of cells since quite small variations 
in the mass of the cell constitutents can be detected and irregularities in tho 
appearance of the cell membrane, which w© found u as generally the first symptom 
of cellular degeneration, are very clearly seen with the interference microscope. 
To a lesser extent the non-staining of viable cells by the dj'e Lissamine Green 
Iprivale communjcation, Dr. R. J. Goldacre) was \Jsed to examine the cytotoxicity 
of the antisera. 

(b) Gehdiffusion tests. — ^Tho presence of antibodies in the immune serum to 
soluble antigens obtazned fom the cells was demonstrated using the gel-diffusion 
technique. In this technique the antigen and antibody solutions are alloAved to 
diffuse towards one another through a column of gel. Bands of precipitate are 
formed, one band occurring at the equivalence point of each specific antigen anti- 
body system, no individual antigen giving more than one band of precipitate 


EXPERIMENTAL RESULTS 
(I) In vitro tests uAih the original immune sera 

Preliminary tn vitro tests with all the original immune sera showed that all 
tnc sera were cytotoxic to the tumour cells and the cells of the normal liver, kidney, 
spleen and blood of the host, the strength of the reaction based on lysis times of 
the cells being in the order : tumour, erythrocytes, kidney, spleen, liver. Tlic 
tumour cells lysed more rapidly and after a slmrter interval of time than any of 
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Table I 

In this table the survival times of the various tissue cells in the presence of 
normal serum and nnti-Ehrllch ascites tumour serum are briefly 
summarized. 


Ti'jne of lysia with adcied serum 



’ 

In nom/al 

' 



serum + immuno 

In noiTOfll 


In normal oerum 

serum 

scrum -t- adsorbed 

Tj'po of cell 

(hra.) 

(ming ) 

immune serum 

Ehrlich ascilea tumour cells 

g-24 

3-5 


Lnndschutz ascites tumour rolls 

R-S4 

10-15 

20-30 

Normal kidney cells . 

I-.1 

10-20 

1-3 hours 

Normal spleen cells . 

1-3 

20-«l 

1~3 .. 

Normal liver cells 

3-12 

■to-co 

3-12 .. 

T^rythrocytes 

a~24 

3-lQ 

a-24 


4 Gd~diffuaion tests with nhsorbcd immune sera 

These tests trcre c<arricd oiitnmiiily ivith tlic Ehrlich ascites antiserumabsorbed 
’ I” Witli these absorbed sera the Ehrlich 

i • , • the gei-di/Tusfon test, and the Land- 

{ ■ ■ ■ ^ • ni of 2 bands, but always one strong 

band was rnjssing in tfio Landschiitz system that was present in the Ehrlich system, 
all other bands being present in both in about tlie same quantities (Fig. 12)- 
This demonstrated the presence of at least one soluble antigen present m the 
Ehrhch ascites tumour cells which w'as absent in the Landschiitz ascites tumour 
cells. The normal kidney, spleen and liver cells and blood gave no bands with the 
absorbed Ehrlich ascites antiscnmi (Fig. 13-10) although faint non-epecinc 


EX'PLANATIO.V OF PIATFS 

Fjo • . 

FiQ. Sfninufes. 

pio. . ' 0 nnnutei. 

Fjo. ' <ind normfll 

guinea.pig serurr. after 15 minuter. , 

Kio. 6 . — Ehrlich aacites tumour ceJh m absorbed aati-EhrJich immune eerum and normal 
guinea-pig serum after 30 minute<i. , 

Fic. 6- — I.nndschilt* 8«cjtes tumour rolJa in nl'5orl*od nntbEhrlieli immune serum end iiorinal 
gumea-pig scrum after 25 minutea. , , 

Flo 7.— Landschiitz nscites tumour cclH in absorbed anli-KhrJich immiino wum ond norma! 

gumea-pig serum after 45 minutra , 

Fio 8. — Erythrocytes from C-— mouw m ob^orbed antj-Khriieh immnno scrum and norma 
guinea-pig serum after 4 hours at nroni temperaluro. , 

Fjo. 0. — Kidney cells from C— mouse m ab'wrbcd anti>Ef»rlich immune serum end nornm 
guinen-pig serum after li hours , 

F/c. 10.— Spleen cells from C — mourn in absorbed atiti-Ehtiich immune scrum and norma 
guinea-pig serum after 1 J hours. ■ 

Fic. 11. — Ln-er colls from C— mouao m absorbed «nt{*Ehrlich immune serum and nornifl 
gumea-pig serum after 2 hours. , y, 

F;o 12. — G^I-dilTvsion test. Landschiitz tumour ceMs on left. Ehrlich on right, nbsoroco 
antt-EhrJich immune serum at the bottom. . . . 

Fro. 15. — Gel-difTusion test Olood from C — mouso on left, Ehrhch tumour cells on ngnt, 
absorbed anti-Ehrlich immune eerum at the bottom. ,, 

Fio 14 — Oel-diffusion test Minced kidney from C — mouse on left, EhrlirJi tumour cpHs o 
right, absorbed anti-Ehrlich in'iiiiine ecrvirt at the bottom. 

Fro. 15 — Gel diffusion test. Minced ^leen from C~ mouse on left, Ehrlich tumour celijo 
right, aiisorbcd nnti-Ehrlich nnmiine aeruni at tho bottom. , 

Fifl 10 — Gel diffusion test. IVfmced liver from C— mouse on left, Ehrlich tumour cells on 
right, absorbed cnti-ElirlicIi immuno serutD at the bottom 
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(2) Gel-diffusion tests icith the original immune sera 

The results obtained -with the gel-diffusion test using the original immune 
sera and suspensions of normal and tumour cells homogenized, or lysed by the 
addition of inerthiolate were parallel to those obtained iu the in vitro tests. For 
equal quantities of material the order of reaction was . tumour more than whole 
blood, kidney, spleen, liver. The tumour homogenate or 13 ’sed suspension alwaj’S 
gave a greater number of bands of greater strength than anj' other tissue tested, 
generally over 30 bands. Whole blood gave 20-2/), kidney 15-20, spleen and liver 
between 10 and 15 bands. 

(3) In vitro tests with immune Sera adsorbed on normal tissues 

(a) Absorjdioii tvith whole blood of host mice. — The addition of the blood or 
serum and erjdhrocj’tes of the host mice to the original immune serum resulterl 
in the formation of a largo quantitj’ of precipitate. The precipitation was carried 
to exhaustion and the precipitate removed by centrifugation. Tlio resulting 
antisenim was tested with normal and tumour cells in vitro. The antiserum was 
still strongly cytotoxic to tumour cells in the presence of added normal scrum, 
inactive against erj’throcj’tes, but still active against kidnej’ and spleen cells, 
although it appear^ to have hardlj' an^' effect on normal liver cells. Evidently' 
some antibodies still remained in the antisenim uhich w'ere active against kidnej' 
and spleen cells. 

(b) Absorption ivilh liver, kidney and spleen. — ^The antiserum which had been 
absorbed •with blood was mixed with finely minced normal liver, kidney* and spleen. 
Generally an equal volume of minced tissues was found to be sufTiciont. Tiio 
resulting antisenim caused aggregation of the tumour cells but little lysis until 
fresh normal rabbit scrum or guinea-pig serum wa.s added, wlien aggregation 
became more conapicuou.s and cj’tolysis occulted. The tumour cells took longer 
to Ij’so tlian Mith the original immune sennn. Instead of cytolysis being virtually 
complete uithin a few miuutea it took anything from one-quarter to half-an-lionr 
depending on conditions, although cell aggregation and degenerative changes in 
the cj’toplaam ucro detectable almost immediately after the aihlition of tlic 
adsorbed imimine scrum (Fig. 4, 5). The antisenim showed little activitj’ against 
the tumour cells at dilutions of greater than 20 times. 

The normal kidney, K|iIeon and liver cells from the Imst strain of mice were 
quite uimiTecteil by inouhatioii irith cither the absorbed immune senim alone, 
or uitli lilt* absorbed inumuio serum with fresh nonnnl pcnmi added in that the 
cells sur> ivi-<l as long a.s in normal scnim alone and longer than in I..ocke’s solution 
(Fig. S- 11). 

Of p.'irlieiilnr iiiten’.st ^^a.H the observation that the absorbed- Ehrlich ascitos 
nutiscnim nggrepated and lysed I^.aiidM-hUlz ascites tumour cells Ihougli not sji 
quickly umlcT eoinpanihlc* conditions (Fig. •», 7) Comervoly, nlisorbed Iguid- 
pchtitz ascites anti-erum lysed Ehrlich nscites tumour cclK. The two strains of 
tumour evils obviously had aijtipcns in common not posM“vsp(| by the norm.il cells 
of the host strains. 

A s-imple of tnmlisorbe<l Ehrlich nsntc.s nnti'«enmi vbleh h.id Imsui storiMl m 
n n-fngcrator at -E for over 4 months was found not to priKliiei* lysis at the* end 
of tins (KTHsl although it caiimsl some aetrregation «»r Ebrlic h ascites tumour cells. 

1 he addition of fn-sh tionual >fnnn tvstonsl the e\ iol<ixic aiti\ it v nllliniigh fn sh 

normal *enim atom* had no harmful cflVvt 
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It is very doubtful whether the antigeiu present in the cell membranes took 
part in the formation of any of the ban(k observed in the gel-diffusion tests since 
tlie quantity of material present in the membrane, which is approximately 50 A 
thick, is minute compared with the quantity present in the remainder of the cell, 
even if it was capable of diffusion and contained only one antigen. It does not 
follow that the specific antibodies which give bands of precipitate with the diffusible 
antigens of the cells in the gel-diffusion testa are identical with those initiating 
cytolysis, since the process of cytolysis could not be stopped by washing the cells 
after the immune serum had been in contact with the cells for 5 minutes. This 
shows that the irreversible stage of cytolysis is reached very rapidly, and the most 
obvious cell component to be affectl^ so quickly is the external cell membrane, 
especially as pinoeytosia ceases almost immediately. 

The degenerative changes whicK Schrek and Preston (1056) observed when 
immune serum acted on the Bagg lymphosarcoma cells were hot the same as 
those observed in this work in all details, since they did not obso^^'e the swelling 
of the cytoplasm and formation of blisters which was characteristic of the cytolysis 
of the I^ndschUtz and Ehrlich ascites cells by the immune serum. This formation 
of blisters was rarely observed during the cytolysis of normal cells by the immune 
scrum. Kalfayan and Kidd (1953) observed similar cytoplasmic swelling with 
homologous immune serum. Likewise, Miller and Hsu (1956) observed very 
similar cytological changes caused by the action of rabbit and fowl antisera on 
the HeLa strain carcinoma cells. These latter workers state, however, that 
they found no evidence for tissue sjiecificity, only for species specificity, whereas 
the results of both the tn vitro and gel-diffusion tests with the absorbed immune 
serum demonstrated the presence of antigens in the tumour cells which were 
absent from the normal tissue cells of the host mice. 

It is very unlikely that the specificity of the tumour cells, which has been 
demonstrated, is a cancer specificity although the gel-diffusion test showed the 
presence of at least three antigens in the tumour cells which were absent from the 
host’s normal cells. These antigens arc most probably associated with 
differences between the host strain of mice and the Ehrlich and LandscMw 
strain of tumour cells, but it is of interest that such differences can be so readily 
detected using these techniques. . 

The presence of a soluble, diffusable antigen in Ehrlich ascites tumour wiis 
which is absent from the Landachutz ascites tumour cells is particularly intercsnng 
in view of the fact that the Landscbiitz ascites tumours are almost certainly 
subhnes of the Ehrlich ascites tumour (Tjio and Levan, 1954). The antigenic loss 
is quite large. After the absorption of the antibodies which are in common with 
the normal tissues of the host, the antigen responsible for the band in S® ‘ 
diffusion test with the Ehrlich ascites system which is absent in the ^ndsenu z 
ascites system is one of the strongest, ns judged by density of 
obviously one of the components present in fairly high quantities. Whether i 
is cytoplasmic or nuclear in origin has not yet been determined. 

SOMUARY 

1. The immune sera to both the Ehrlich and Landschiitz ascites tumoum 
contained a number of antibodies against antigens present in the wUs of tlm bloo , 
liver, kidney and spleen of the host mice, indicating that these tissues had many, 
but not all, antigens in common. 
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reactions were sometimes obtained at the edge of the wells Nvdth blood and spleen 
preparations. These non-specific reactions were also obtained when blood and 
spleen preparations were allowed to diffuse into gelatin \vith no antiserum present, 
and were, therefore, the result of a reaction between substances present in the 
tissue preparations and the gelatin. 

The results of the gel-diffusion tests were therefore in agreement -u-ith the result 
of the in vitro tests in that the absorbed immune Ehrlich antisera reacted \vith anti- 
gens present in the tumour cells but notwth those present in the cells of the normal 
tissues tested. 


DISCUSSION 

All the immune antisera prepared contained high titres of antibodies to the 
antigens present in the normal tissues of the hosts. This result could not be 
explained entirely by the presence of contaminating normal cells of the host in 
the suspensions of tumour cells injected into the rabbits. The tumour cell suspen- 
sions injected were washed five or six times to remove any antigens present in 
the fluid medium, contamination with erjrthrocytes was very low after washing, 
and the ascitic fluid is supposed to represent a nearly pure culture of tumour cells. 
In spite of this between 80 and 90 per cent, of the precipitin reaction estimated 
either as the number of bands or quantity of precipitate present in the bands 
was caused by reaction of the antiserum wth antigens found in normal tissues. 
It may bo concluded that the Ehrlich and liandschiitz ascites tumour cells have 
many antigens in common with the normal cells of the kidney, spleen and liver 
of the host mice, and particularly many in common with the erythrocytes of the 
host. 

Nungester and Fisher (1954) found the presence of a mouse erythrocyte 
agglutinating antibod}’ in rabbit antisera to mouse lymphosarcoma even when the 
antigenic material used for immunization appeared to be devoid of red blood cells 
on gross examination, and they suggested the possibility that the tumour cells 
and erythrocytes had antigens in common. 

The cytotoxic action of the immune sera on the tumour cells was morphologi- 
cally ver^ similar to the action on normal cells, with the exception that the tumour 
cells showed a very characteristic formation of blisters of clear cytoplasm containing 
few granules. This was rarely observed with normal cells. Very similar effects 
have been obser\’ed when cells have been treated with compounds w’hich are 
thought to combine with or change the nature of the cell membranes, e.g. 
compounds such as polyethyleneimine and anaesthetics. Schrek and Preston 


Irom immune serum which had been heated at 66** for an hour to inactivate the 
complement. Similar results were obtained with a sample Ehrlich ascites antiserum 
in which the complement had probably become inactivated during prolongetl 
storage, the tumour cells aggregated but cytolj'sis did not occur until fresh 
normal serum was added. Some, antibodies were obviously combining W’ith the 
cell membrane to produce aggregation although cytolysis would not commence 
in the absence of complement. Time lapse cinematography showed that there 
\vaa a very rapid initial reaction bclw'cen the immune sera and the cell involving 
the cell membrane. 
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Reprinted from XATUBE. !80, 1487-1488 (1957) 


A Cell Compressor for the Measurement 
of Mass and Concentration by Interference 
Microscopy 

For a number of obscr\’ntion3 wjtli the interference 


example, Roussolot), but none provides quite the 
degree of control uluch is required. The compressor 
illustrated m Fig. I depends upon the bending of 
the slide 8% and is tlieroforo completely free from 
shear play and other uncontrollable movements. 


With ‘Araldito’, avoids any disturbances duo to 
changes in capillary attraction. Tho curvature of the 
meniscus at M is Iittlo offocted by small changes in 
tho gap O. These t%Vo conditions enable quite rovers* 
iblo changes m tho gap to bo offoctod over distancos 
of about two miorona. Tho octual thicluieas of tho 
gap can bo readily monsurod on tho microscope 
with the help of an air bubble as previously des* 
cribedh In addition, tho medium surrounding tho 
colls can bo easily exchanged in this comproesor 
without producing capillary disturbance. 


Table 1 Ilisrotst or Koanit Ltrsn a'<d ilcraToxa Citts to 
rOLTITKMtSI-ntIRI 

MeasuremeoU of cyiopUtmle concentration eatculaUd Aom tpecifle 
protein Innement (ret 2) and ezpreeeed aa emMOO cc. noter. 
Mraiured before and after Introducing 0-12 per cent pol)c(h)lene 
Imlne In cal<luin*free Locke'a lolutlon 


Titne 

Zero, reagent 
Introduced 
7 min. 


Cell Ko. 

2 

Concentration 


13 3 

13- 8 

14- 3 


Time 

Zero, reagent 10 7 

Introduced 



10-3 

0 

0 

0 


21 4 
T«3 


The compressor con bo used for direct observation 
with tho intorfurenco microscope, fur oxamplo. to 
immobilize ciliatea such as PoKiiiuctutn by light 
compression It can also Ixi used for measuring tho 
refractive index and hence tho concontmtion of 
matcrml in various parts of thu coll. It lias been 
used, for example s {a) To Btutly tho ofTocts of various 
positively clutrgod jxiiyolectrolytoB upon normal end 















docroase. (6) For moasuromonts on , 
Tlitso indicato tliat tho contractile r 

concentrotioii Mhich is the Bamo as ,k- 


tho anterior ond. Contraction 
duo to loss of tvntor, as BUggeated by » 

U. J. GotDiCi* 


Cliostor Boatty Kosoarch Institute, 
Institute of Cancer Research, 
Royal Cancor Hospital, 
Fulham Road, London, S.W.3. 


• Amtroae, E J.. Vroe Roy. Soc.. 11 (In tt.e r/'“\ , , 
•lltrer. It , nnd Tliaczylc. S.. Salure, 173. 

•I*amin. C. P. A., y .Mar. Iliot Afoe l?.A.. »• * 


( 440 ) 



ANTIGENS OP MOUSE ASCITES TUMOUR CELLS 


295 


2. The immune sera still contained antibodies to the tumour cells after absorp- 
tion wth the normal tissues of the host, as shown by in vitro and gel-diffusion 
tests. 

3. Each absorbed serum wm active against both types of tumour cell, 
producing lysiSi involving the formation of characteristic cytoplasmic blisters. 

4. 'The immbno scnim, even before nbsorijtion, loses its cytotoxicity if the 
complement becomes inactive, although the tumour cells are still somewhat 
aggregated without lysis. Addition of fresh normal scrum restores the cytotoxic 
activity. 

5. The gel-diffusion tests rrith the absorbed immune serum show that there 
are at least three antigens in the Ehrlich ascites tumour cells, and at least two 
antigens in the Landschutz tumour cells W'hich are not present in the normal 
cells of the kidney, spleen, liver and blood of the host. 

6. The Ehrlich ascites tumour, of which the Landschutz tumour is almost 
certainly a subline, contains a major soluble diflusiblo antigen which is absent 
from the Landschutz tumour cells. 

7. The specificit}’ shoira by the absorbed immune sera is not thought to bo 
a cancer specificity, but "due rather to genetic differences between the tumour 
strains and the host mice. 

8. The techniques have already provided evidence for tissue specificity and 
it is hoped that they can be used for investigating the more subtle changes associ- 
ated Avith induced tumours. 

This work has been supported y grants to the Chester Beatty Research Institute 
{Institute of Cancer Research : Royal Cancer Hospital) from the British Empire 
Cancer Campaign, Jane Coffin Childs Memorial Fund for Jledical Research, the 
Anna Fuller Fund, and the National Cancer Institute of the National Institutes 
of Health, U.S. Public Health Service. 
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Table I 

Sotnt totally synthesized natural products with biological activity 


Ftsh llv«r ell 

i 

Vitamin A 
and Carotene* 

Me 

Me Me } 

><^HsCH-CsCH-CH»CH-CsCH 


Animat Oryaniam* 

Nacleotide* 
f. ATP. PAD, ate. 




CHjOH 




■cH.CHOH.CHOH.CHCHiOP-OR 


taler et al 1^49 



Toddetal.. etc. 1949-1954 


Seopola 

ScepoUmlni 


O.CO.CH.Ph 

CHjOK 

Fodor el al, 1956 


Nox vomica 
Strylhnine 



Woodward et al. 1956 



Endoerlae eland* 

» 

Certieone 

©Y'^-nJ^IJ . CH^OH 

Sareit. R«tch«U»n et al. 194$ 


Pituitary 

I 

Onytocin 
PhOH Et 
t I 

CM, CMMr 


ind T*<hudl |< 9$2 


CHjCHCONHCHCONHCM 


CHjCHNMCOCHNHCOCH{CM^)^CONH^ 
CO i"! 

rV 

I ^ONHCHCONHCH^CONHj 
t>u Vixnraud et al 1952 


been given in public by leaders in medical research 
sucli as Sir Henry Dale* and Sir Charles Dodds^ and 
others, and only the year before last Dr. H. J. Barber 
discussed some aspects of it in his Chairman’s Address 
to the Fine Chemicals Group on Chance and Design 
in the Search for new Drugs.^ 

The task of the iatro-chemist is made relatively 
easy if he deals with biologically acti\c products 
occurring in nature. That does not mean that this 
sort of work which has reached its heights during the 


last thirty years or so v,v\ 
the synthesis of nearly all 
vitamins and some of th: 
hormones and antibiotics is 
child’s play. On the con- 
trary', the most recent tr- 
amples, as illustrated in 
Table I, represent great 
triumphs of synthetic 
chemistry. No~the diffi- 
culties .1 have in mmd arc 
connected with the phrming, 
execution and timely ces- 
sation of research, dealing 
with simplification of sinie- 
tural elements of natural 
compounds or aiming at 
substances of novel struc- 
ture and activity. This is 
where the man or woman 
wJio makes intelligent 
guesses, has imagination, a 
sense of discrimination and, 
at the same time, a bad: 
of integrating all previous 
knowledge with new ideas 
will carry the day. My 
greatest admiration is for 
those who accept the frt' 
quent event of hitting a 
target B after having aimfd 
at a target A, ^and I'M 
make the best of it. 

Organization of research into 

therapeutic agents 

There is one other facd' 
tlic task of our friend m»>' 
be greatly faciliMled W 
the geographical 
of cLmical and 
eapertmentalion, t>r«g 
about a most desirat 

cross-ferlilizalion. 

Ihete exist a gr»' 
of well-known lnsljt"'«“ 
Industrial Research Cfflttn 
that have tried. O'i'.j 
their own w'ay. 
an ideal anssver m ® 
question of how, under one 

roof, diversity oa"^ '^ 


alRpeiwading spirit of O0'°^ 
and greatest possible liberty for the ^ js 
with productive integration. As you per 

no one answer, and it depends also on t 
groups ofiatro-chemicals to be fin which 

gated by the research unit. The the 

I have used before on several these, 

main and sub-divisions of therapeutic **S • jfc 

which later I shall use as illustrative c P 
encircled. 
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THE STUDY OF BIOLOGICALLY ACTIVE 
AGENTS AS A VOCATION 

JUBILEE MEMORIAL LECTURE 1956/57 

By Prof, F. Bergel, D.Sc., F.R.J.C. 

Chemistry Department, Chester Beatty Research Institute, London, S. IV.3 


{Delivered at meetings of the following Sections of the 
October 15, 1956; London Section on November 12, 

FaLSTAFF said to Prince Hal, “ ’tis no sin for a 
man to labour in bis vocation”. Whatever his 
argument, you will agree his philosophy is sound 
because what the Oxford Dictionary describes as 
“ a person’s sense of being called to a task ” should 
be in its execution a virtue and a blessing. The only 
difference between one case and the next lies m the 
way the call is received and followed. Some of us 
have the good fortune to hear it early and forcibly, 
and to obey it without hesitation and difficulties. 
Others, less fortunate, encounter obstacles and even 
experience frustrations in their vocational choice. 
If they arc lucky they can go through a process of 
sublimation which, in this year after the Freud Cen- 
tenary, should be generally known as a method for 
transforming anger into enthusiasm, dependency into 
devotion and despondency into productive effori. 

Let us think of somebody among our friends who, 
for various reasons, is prevented from taking up the 
study of medicine; in spite of his very strong desire 
to practise one day the art of healing, circumstances: 
personal, economic, social, political, arc against him. 
By some chance the career of chemistry and its 
related subjects becomes a practicable second choice. 
Commencing, perhaps, with feelings of regret and 
suppressed longing, our friend, overcoming this 
difficult period, sees more clearly every day the 
promise of a (fulfilment previously not discernible. 
It is a slow process, this sublimation, but it is helped 
on by learning in organic chemistry of natural 
products and their use in the treatment of disease 
according to folklore and experience, and by the 
fascinating stor>' of (he successes of synthetic chemistry 
aiming at biologically active substances. There arc 
the teachings of biochemistry, phj-siology and 
pharmacology which gradually open the doors to the 
understanding of the interaction between drugs and 
whole organisms, tissues or cells; there arc the 
names of great men: Paracelsus, Pasteur, Ehrlich, 
Domagk. Dale, Fleming and others, and their work. 
Our friend, stimulated and aroused by all these new 
experiences, finds himself, with his labour and his 
thinking, engaged in what is called medicinal, 
pharmacological chemistr)', or as reintroduced 


he IS to a smaller or larger extent contributing after 
all to the allesiation of the sufTerings of man and 
beast, of course in difference to the pracihing 


Society of Chemical Industry: Yorkshire Section on 
1956; South Wales Section on February 15, 1957) 


physician and surgeon, without being in contact with 
the patients under treatment. When he reaches the 
stage of fully enjoying his work and his results, he has, 
you will agree, successfully sublimated his original 
urge, and can now claim to. participate in the study 
of biologically active agents as a vocation. 

Three challenges , 

However, matters do not rest there; the iatro- 
chemist is continuously meeting a number of 
challenges to which he has to respond decisively. 
WorHng with or aiming at substances which, 
when applied to living organisms, produce certain 
effects, he has to draw on all the methods and 
accumulated knowledge of the various branches of 
chemical science, such as inorganic, organic, physical, 
bio- and pathological chemistry. This means that 
he roust be either an ingenious ** Jack of all Trades.” 
a rare event, or that his personal activit)' must be 
integrated with those of a team of specialists. This 
IS for him, and the others, challenge number one. 

But even such an integrated team, meeting on the 
common ground of chemistry, will be unable by itself 
to produce new important biologically active com- 
pounds unless it enjoys the close collaboration of the 
biologist, the pharmacologist and, finally, the 
clinician. This is challenge number tu’O, and it 
implies the acquisition by both sides of a common 
and unambiguous language, and on the part of the 
latro-chcmist of an understanding of the main 
principles of biology, physiology, bacteriolog>’, ex- 
perimental pathology and clinical medicine. It means 

that o"- ' •• 

treble 
the rc 

chemical colleague. Our friend has also, from" lime 
to lime, to auend lectures, symposia and cxen 
congresses which deal with border-line subjects or 
subjects worked on by the biological camp. I am 
not tp'ing to create a false sympathy for him but, 
os this represents an additional burden, he has to 
give up a great deal of his spare time. If he loves 
his job he will not complain. Maybe his family will I 

The third challenge arises from a situation which, 
of course, is not unknown to exist in other fields of 
scientific activity, but which our friend, the latro- 
chemist, recognizes as having vcr>' special features in 
his case: It concerns the problem of strategy and 
tactics of his kind of research and of the dcvclop- 
memal work on any promising compound for final 
practical use. Consideration to these problems has 



Similar principles apply, of course, to more complex 
organizations which embrace research activities such 
as those directed towards chemotherapy of microbial, 
protozoal and viral diseases, and which possibly cover 
the fields of hormones, nutrients, vitamins and vaccines. 
There exist so many examples here and abroad that 
there is no necessity to enumerate all the details and 
i’fferences, some of which have been disclosed during 
the series of special lectures at the Royal Society, 
London, 5 on the Aims and Scope of Research 
Institutes. I prefer to give you instead an idealized 
picture of the lay-out of an Institute which deals, 
apart from matters of a fundamental nature, with the 
chemotherapy of malignant diseases, research with 
which I have been particularly connected for the 
last five years (Fig. 2). As compared with research 
organizations dedicated to other diseases or medical 
problems, the composition is complex and reflects 
the multiple and difficult approaches to the subject 


research into biologically active agents (with which 
I have had and still have a few dealings myself), one 
pertaining to drugs effective in a certain manner on 
the central nervous system (CNS) and thus illustratM 
the pharmacodynamic group, and the other deahne 
with recent advances in cancer research. At first 
sight the two examples seem to have little m common, 
However, in course of my unfolding to you the second 
and thircl part of this lecture, I hope that you will, 
among other things, deduce on your own the poten- 
tialities of sedative and tranquillizing drugs as 
adjuvants in the treatment of an organic disease, 
such as malignancy in all its forms. 

Psycbopharmacological drags 
Of course there are other therapeutic uses for 
the agents assembled in Table III which iase 
come into prominence during recent years, and 
for which the term “ psychopharraacological " has 
been proposed. They are sub*diridcd into tran* 


Ch«mic«l Scicfle«< filoto(ical Sciences Clinical Sciences aatf 

Medical Pbysics 



FJC 2 . — Scheme of research into chemotherapy, etc , of cancer 


of cancer. You notice that all the branches of 
chemistry and nearly all the disciplines of experimental 
biological sciences are represented. The proximity 
of a hospital is essential. While clinical research 


problerns are semi-independent, there exists an overall 
integration of effort for all applied matters, particularly 
with regard to attempts at chemotherapy. 

I shall come back to some of the points touched 
upon just now when giving you two examples of 


Tuiflizers or ataractic drugs 
nind) and halluzinogenic or psy^hotom 
ind represented by a nurnber ol s 
ihemical heterogeneity, taking their B jutursl 
rery old intoxicants or medicaments oi 
ources. For mankind has, during al 
i yearning for relief of pain and wor ’ . 
or a change of personality, however puij- 
br euphoria. The addiction of t-jj ^fsis 
ions to opium, coca leaf chewing, cann 
ating and smoking and mezeahne cons P --ainsi 
ed to a world-wide campaign and legisia 
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Tat)I« Q 


tATRO CHEUlCAl^ OR THIRAPettTft: ACtWT8 


/l) pTUf 

Oer Botltutlenkl TMt*P7) 


1) IfiUTmtaut*!! 

tnd-PTodm** 

Protein* mnd Amino. »<ldi i 
Carbohydrate* / 

Fat* and Patty Atld* f 

Nuclrottde*. HueUeiidti, I 

NucUotldopotypboaphal** \ 

Mineral* Ha.. Ca-. F*. ate. ' 
salt* and Trace Matal* 
Iodides and lodo. compound* 


/^Stdativaa and “v 
■'TraBf«tlUI*«rt‘*.1 
Hypneile*. I 

AA***th*ttcB > C.N.S# 

rDepe..,..t. 
2) Analtaalca and 1 
(Antlpytctlca) ^ 

. 3) Analeptic* 1 C.W.S. 

>v H»llu*lnof*nlc* J SttmuUnta/ 


C) Cbemotheraoeutic 
Etiotfaple Druei 


la) Anllfplrocbaetal a 
(Arsenical*, etc.}*. 


^AntimeU. 

bollU* 


d) Hormone* 

Hepaein etc 
Hormene.llbe a|*ni* 


d) MUcellanenu* {aettnf tnafiUy o> 
speelat oraans) 

* I Cardiovascular syelem 
Olurttie* 

Laaati*** 

Eapecteranl* 
tnerine sfcnt* 


1) Antiaeplie* ^ 

Cermictde* { 

Punalclde* f 

ParasUlctdt* J 


, . • it academic, govem- 

7 ' ' • scialize m one of the 

• ■ • pharmacodynamic or 

, • • . mbine work on two or 

■ * ' i' en at the same place. 

Assuming that the principal activity consists of re- 
search into pharmacodynamic problems, then we 
might find in 1957 a lay-out as given in an idcalircd 
manner by Fig. 1. The dimensions of the squares 
are no fixed indications as to the true size of the 


sections or the peisonnel in them; that depends on 
special circumstances. For instance, industrial depart- 
ments with interests m symptomatic drugs and, by 
necessity, orientated towards final development of 
marketable products, are often dominated by the 
organic chemistry section. I personally would say 
that the pharmacological and chemical sections should 
be roughly of an equal size and never geographically 
separated; the daily contact between the two divisions 
IS loo precious to suffer from distance. 


Plurmacotogy 

and 

Toxicology 


CliAlroi Retetreh 
CTlintcxl Trixt* 
Clinical 

Pharmacology 


I Phyaiolosical 
Invoatigatlon* 


Co.op«ratioB o( 
Sp«ciali»u. «tc. 


FiO I . — Scheme of research into pharmaeodynamte drugs 



dangerous drugs (D.D.). But one of the oldest 
intoxicants not on the D.D. list, but resembling in 
some respects psychopharmacologica! agents, must 
be alcohol in all forms of fermented liquor. 

Aldous Huxley, who in modern times has continued 
Baudelaire’s literary study^ into drugs creating 
artificial paradises,"^ expressed an opinion recently 
that due to inertia, the Westerner persists in using 
alcohol as his principal mind-transformer and anti- 
misery agent, and this in spite of all the progress 
made in the field of tranquillizing, euphoric and 
halluzinogenic compounds. Of course, the iatro- 
chemist and pharmacologist are not concerned with 
the creation of licit or illicit artificial paradises but 
solely with the right type of drug which, in the hands 
of the responsible physician or psychiatrist could be 
used to counteract excitement and anxiety in normal, 
neurotic and psychotic people, the latter suffering 
from one or the other kind of mental diseases, 
especially schizophrenia. This legitimate fight against 
worries, true and imagined, is in spite of what Huxley 
said, and of the existence of old plant remedies and 
their isolated and synthesized active principles, only 
at its beginning. 


Table IV 


■JETRAHYDROCANNAmNOW 



and of their reaction to the effects of 
gradually puzzled out.* 


drugs, is only 


One of the most pressing problems is the desin 
of experimental conditions which will permit the 
assessment of psychopharmacological drugs. While 
the estimation of analgesic properties of morphine 
its derivatives and synthetic analogues, is do mean 
task and this, and the testing for antagonism to 
motion sickness in the long run involves human 
“ guinea-pigs,” a technique for obtaining significant 
results as to the value of an ataractic drug has exercized 
and is exercizing the minds of many people. First, 
let me remind you that probably due to habit- 
forming properties no valuable psychopharmaco- 
logical drug has so far been discovered in the analgeac 
group, although a piperidine derivative related some- 
what to pethidine, such as Frenquel, has been found 
to counteract CNS disturbing reactions’ and a 
morphine-scopolamine mixture has a long-standing 
reputation as a tranquillizer before major surgied 
operations. Scopolamine or hyoscine and synthedc 
compounds developed from atropine have formed the 
principal lest substances for an investigation by 
Jacobsen et Based on experiments by Pavlov 

and Masserman, he exposed cats and 
rats to conflict situations, such as 
frightening them away from an estab- 
lished mechanism of feeding or disturb- 
ing some other conditioned routine, 
which induced a kind of neurotic 
’ haviour in the animals. After adminis- 
tration of scopolamine and benzilic acm 
^ m rats 
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r CH.CH.CjH, 
Me Me 


Synhexyl 

RA 122 


Cannabidtol 


All the drup to be mentioned as psychoi>harma- 

centres. This is not the place and the moment to 
discuss the physiology and pharmacology of these 
vital organs. Many problems are still unsolved and 
the enigma of the normal and pathological function. 


enecis weie ousel *i.u. **— i . 

pathetic blocking agents (sec fj 
closely related Uchesineii) surpnsiQg'y 
possess an anti-psychic stress action. 

On the other hand a substance dcnvrf 
from a family of anti-bistamiDeac 
Parkinsonism drugs, chlorpro® ’ 

together with morphine, syntneUc an 

gefics, barbiturates and ethanol. ^ 
strangely enough 
Jacobsen’s condiUons. ^^“°Ss 
zine has been shown by 
to possess valuable depressant e 
certain mental diseases P^jiies 

neurotic states, this discrepan<7 
out clearly the 
testing techniques, which inm“o 
beings as low as spidersi2 and fighting m 
as high as monkeys and man. 

Further studies 

But even studies on man can_ go 
can be Ulustrated by the expencnce of 

a synthetic analogue of the acuve p 
Indian hemp resin, a very old euphoriant, 
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in the Orient under 'the names of hashish, charas, 
etc., and in America under the name of marihuana.. 
When it was tried by Tayleur Stockiqgs*^ m 
cases of neurotic and slight psychotic depression, 
he found it effective. But when Parker and Wrigley*^ 
included a control group in their clinical trial, no 
significant difference could be found between the 
placebo-receiving and the fully treated patients. 

Chemically speaking, the basic structure of the 
material is that of tetrahydrocannabinol as given in 
Table III, occurring in nature in the form of double- 


number of analogues, particularly with different side- 
chains R, following the sequence of reactions as 
given on Table IV. Investigated pharmacologically 
by Macdonaldifi and Bam in this country and Loewe*® 
in the U.S., these analogues showed various degrees 
of activity m the rabbit and in the dog. In addition 
to the trials on mental patients, synthetic tetrahydro- 
cannabmols were tested in epileptics with some 
success. So far no introduction into clinical medicine 
has been reported. This chapter, as mentioned before, 
well demonstrates the possibility of a negative 
practical outcome of concentrated work in many 
places, in spite of the fact that the natural precursor 
has gained such fame in the history of intoxicants 
and has given rise to the word “ assassin.” 

Meanwhile, very much simpler phenol ethers were 
investigated by Berger and Bradley.20 They demon- 
strated particularly with the o-tolylether of glycerol, 
mephenesin, that these ethers exerted an anti- 
convulsant action by depressing the lower centres of 
the central nervous system. Simplifying the molecular 
structure by discarding the phenol moiety, Berger 
and Ludwig2t demonstrated a similar activity when 
using 2 : 2-dicthyIpropan-I : 3-diol, Prenderol, with 
a gam of effectiveness on higher centres. This finding 
with an alcohol-derivative should take one back to 
ethanol with its general depressant properties, and its 
place as a kind of starting point in the development 
of general anaesthetics, ethers, halogen compounds. 


urcidcs and, with a glance at the CNS' stimulant 
cafTcine, to the barbiturates, hydantoins and pipcn- 

doncs as se't''^*'’'* — ’ • • 

epileptic n 

fotm of m 5 

a recent date, the only cllective drugs used by’ the 
psychiatrist, for quietening his patients, and in 
totalitarian countries by the police for extorting 
confessions. Combining the urethane with the 
Prenderol structure— notice the dialkylatcd C2 in 
comparison with the C5 in barbiturates, etc. — Ludisig 
et al^- arrived at the much talked about drug, 
meprobamate or MiUown, which is promoted, 
principally m America, as a remedy for rclies'ing 
stress, reducing tension, irritability and restlessness 
and siabiltxing emotion. What more could one wish 
for in a tranquillizing or ataractic apentT 


There remain a number of drugs which are con- 
veniently mentioned together Jsecause of the discovery 
of their interaction in the central nervous system, 
namely reserpine from Rauwolfia alkaloids and 
serotonine or 5-hydr(5xy-tryptamine (5HT) occurring 
in serum, intestines and brain, both also effective 
peripherally on blood pressure, and their counterparts 


mental diseases and depressive states might be due 
to faulty metabolism of an adrenaline-like substance 
in the brain. Brodie et al.^^ proposed the idea that 
5HT which raises blood pressure and acts in large 
doses as a CNS-depressant, was this neurohumural 
agent which subject to its formation from tryptophane 
and its destruction by amino-oxidase influenced the 
normal function of the brain. This hypothesis was 
supported by the observations that the tranquillizing 
drug reserpine was found to liberate 5HT from 
plasma and brain (excreted as 5-hydroxy-indolylacetic 
acid) and LSD, a compound producing profound 
mental disturbances, to antagonize both the actions 
of the alkaloid and serotonine. 

However, recent developments indicate that the 
true situation may be more complex.2^ Gaddum and 
Vogt25 for instance, suggested among other things, 
that the antagonism between the halluzmogenic and 
ataractic agents might be unspecific and that other 
effects such as those on cerebral blood vessels ought 
to be taken into account. I cannot go into details 
but would like to mention that the 2-bromo-dcrivative 
of LSD also antagonizes the psychotomimetic action 
of LSD without showing definite suppression of the 
central effects of 5HT and without having an effect 
of its own. On the other hand the findings of Axelrod 
et alM that the enzymic oxidation in vitro of LSD to 
2-hydroxy LSD is inhibited to various degrees by 
chlorpromazinc, serotonine and reserpine, may point 
to further, biochemical developments which will 
stimulate the synthesis of new compounds belonging 
to this most intriguing group of pharmacodynamic 
drugs, to which one must also count the inorganic 
ions Li and Br. It is hoped that these agents will 
never be misused cither by the public or by any 
totalitarian authority. 

It is necessary to leave now pharmacodynamjc 
research and go on to my second example of research 
activities undertaken by the iatro-chemist, this time 
in one of the fields of chemotherapy. 

Recent ad> antes in cancer research 

Being nearest my present interests, I am selecting 
that of cancer research. As compared with chemo- 


wv.i.puiabic »uujcci lacing similar ouiicultics 
being that of chemotherapy of viral diseases. In both 
cases chemists and biologists have to tackle not only 
extra- but mainly intra-ccllular problems. Expressed 
in a simplified manner there arc three C‘s of the 
^emislry (in the widest sense) of cancer research 
(Table V): Apart from chemotherapy of tumours 
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phosphorus or cellular constitutents) and residual 
-blood, etc., results such as those obtained by my 
wHeagues, Everett and Martin and myself^’ w-ith rat 
livers should n 9 t be taken as absolute. But certain 
trends have become apparent when we compared the 
relative content m trace metals, participating in 
enzyme action (Cu, Mn, Mo and Zn) of livers of 
rats of difierent ages and from animals fed on butter- 
yellow. We noticed, among other points, the relatively 
high copper content during the suckling period; a 
molybdenum content rising gradually from the foetal 
to the adult liver and being low in some buUcryellow 

livers. The latter ^ * '■ — r' 

on the mo/ybder • • i 

oxidase which is n ^ , ' * . • ^ 

and as mentioned before, in tumour livers.W 


One can imagine how these findings are being 
keenly followed up from the point of view of chemo- 
therapy, but for the greater part of research in this 
direction, as said before, one is still left with a 
pedestrian empiricism. Now, what is news ” on 
this front ? In 1955 1 reviewed,^ at University College, 
London, and in Huddersfield, what are called the 
biological alkylating agents This subject and the 
related one of metabolic antagonists were taken up 
again in May, 1956, during a discussion at the Royal 
Society of Medicine by Davis, Galton and Haddow,5> 
and others Most of the remedies m use at present 
belong to these two groups, but so far their most 

* ' ' ' ■ '• * ■ '■"aliguant 

• ■ • • ::b 1348 

1 nustard; 

• • diestcr; 

some cthyleneiminc derivatives (e.g. TEM, TEPA), 
and anti-metabolitcs, such as 6-mercaptopufinc. In 
addition hormonal substances, stdbocscrol, ACTH, 
cortisone, are also employed, the oestrogenic com- 
pound giving some satisfaction m the treatment of 
prostatic carcinoma, A substance still under trial is 
the amino-acid derivative CB 3025 (studied indepen- 
dently from us-’O by Larionov et in Russia, as 
the racemate), and showing interesting differences m 
activities between the various optical forms, as found 
by Haddow.^2 Xhe clinical evaluation is progressing 
slowly, first having given somewhat disappointing 
results, also encountered with an anuno-acid derivative 
from moulds, L-azaserjnc and invcstjgaied in 
America There it is now being followed by 
a synthetic analogue, d-diazo-S-oxo-L-nor-leucine, 
boN.^^ Both these products have been shown to 
interfere with an enzymic step m the biosynthesis 
of inosinic acid‘‘s leading to other purines and then 
nucleic acids. Further studies of these two amino- 
acids placed between the alkylating and anli- 
metabolic agents should give a better insight into 
the mode of action of ammo-acid derivatives as anti- 
tumour agents. 

Another advance, starting from the series of 
,„^f\iinesubhonic acid esters was made by my 
SdSues ^Haddow and Ross,^^ when they found 

colleaEues, 

’ tumour, 

the other 


substances do, an effect on blood-elements. Some 
anti-tumour effect has been noted with the corres- 
ponding ethyl ester CB 1528. The latter compound 
was found to alkylate in mo cysteine to S-ethvl 
cysteine, as demonstrated by Roberts and Wanv)ck.47 
Vigorous research is continuously going on, here, 
in Europe, Russia, and the U.S.A, There the large- 
scale screening of many products is magnificently 
carried out at the Sloan-Kettering Institute, New 
York, where Chester Stock ei hate tested over 
25,000 compounds and materials of natural origin. 
Our output at the Chester Beatty Research Institute 
is much more modest, and based on a somewhat 
diflcrent working philosophy, has through the study 
by Haddow of ca. 2000 compounds led to two drugs 
in use against certain forms of leukaemia and to 
several still under clinical test. 


I hope I have given you in the relatively short 
time at my disposal a general and specific picture 
of how a person dedicated to the study of bio- 
logically active agents can make this a very 
worthwhile vocation. So many fundamental questions 
arc still unanswered, so many practical problems need 
vigorous attacks; look around you and you find the 
physician, the patient and the so-far healthy waiting 
for small or large contributions to the understanding 
and treatment of virus-, cardiovascular, joint-' and 
malignant diseases, to more knowledge of ageing. 

May I end by quoting two great leaders in my own 
field who, though dilTerent in their ways, are thinking 
alike in the Jong run, A. Haddow and C. P, Rhoads. 
The latter finished an article on Cancer Quackery,” 
expressing something which is applicable to all 
researeh on therapeutic agents: “This termination 
will come only through hard, patient, orderly, co- 
operative study on an adequate but not excessive 
scale. It will be the result of multiple steady scientific 
steps of many investigators singly and m groups, 
toward the desired goal. And then fortunately we 
will find once more an endless frontier before us, 
to be further explored productively by devoted ana 
scJf-sacrificing men and women, immune to adverse 
comment and concerned more with truth than witn 
tradition.” And A. Haddowso takes this further by 
saying that perhaps the greatest reward of a tesearc 
career is its training and discipline, aspiring to tne 
ultimate ideal w objectivity in the words of wiltiam 
the Silent, Prince of Orange; “ It is not necessary 
to hope, to begin, nor to succeed, to continue 
I ask you. could the student of bto/ogicalJy active • 
agents following these words ever aim at a mgner^ 
target ? 


1 pale. An Autumn Gleaning. 1954. London, Ferganion 
'fpodds. Oiem. A Ind, 1956 650 

jparber. CAe/n 7 797 

♦ See BerfisL « Lond , 1955, 7, 297 

5PuW«hed in various parts of froc. roy.Soc 
«Paudelaire. “Us Paradis Artificiels, 1860 Pouie 

A^. " The doors of pErceptjon," 1954. CTialto A 

findus, London 
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and leukaemias, C3, there remain the chemistry 
of carcinogenesis. Cl, and cellular and tissue 
composition, C2. Logically speaking, if the riddles 
of Cl and C2 were solved, chemotherapy could 
be pursued as a matter of purely rational deduction. 
However, in spite of great efforts during the last 
few years, carcinogenic processes are only slowly 
elucidated, and knovvl^ge of finer differences 
between cell or tissue composition of normal, 
abnormal and embryonic tissue, static and 
dynamic, is far from complete. In consequence, 
chemotherapy of cancer remains a field of empirical 
studies; it consists of a serious game of searching 
for a lead, and following it. 

For some time attention has been given to the 
hypothesise^ that carcino^nic action by physical, 
such as radiation, or chemical means, by endogenous 
or exogenous agents, may lead in some instances 
to a loss, deletion or change of essential cellular 


It Is assumed, to a transformation of somato-genctic 
material in the nucleus and cytoplasm of the cell 
winch is considered to be nucieo-protem in character. 
The next Table VI illustrates some of the evidence 
for the protein-change hypothesis: Miller and Miner23 
of America have noted interaction between liver 


But analytical studies on cellular constitutenls have 
brought to light that the level of certain enzyme 
activities in tumours has fallen, although not to zero. 
For instance the liver of animals treated with butter- 
yellow shows, according to Westerfeld et a 
lower level of xanthine oxidase activity. This 
molybdenoflavoprotein enzyme, the chemistry of which 
is studied at present by my colleague, Bray, others and 
myself,^-* catalyses the oxidation of hypoxanihine 
and xanthine to uric acid. Our American colleague 
1. Lewn investigated during the last two years in 
the Chester Beatty Research Institute the normal and 
abnormal mammary tissue of mice for the same 
enzymic activity and found^s jijat it decreased per 
cell from the tissue of a low-tumour mouse strain via 
the non-tumorous tissue of a high-tumour strain 
(C+ mouse) to the tumour itself where it reached a 
minimum. Of course these observations do not 
allow^ for drawing a definite conclusion as to the 
xanthine oxidase being one of t/ie proteins of 
diminishing returns. But at present one can accept 
the suggestion that something in the composition 
pattern of the malignant cell has changed. This, 
when submitted to further studics,^^ may one day 
help to explain fully the process of transformation 
from normal to malignant states. 

Another analytical approach is the esliraation of 
certain major and minor elements in parts of the 

TaWe VI 

So/rie carcinagenfc ase/ifs nhich opparentiy interact with proteins 


proteins and 4-dimethylamino- 
azobenzene or butteryellow, 
which produces tumours in the 
liver on feeding. Recently 
Bhargava and Heidelbcrgeri^ de- 
monstrated that 1:2:5: 6-diben- 
zanihraccne, a carcinogenic poly- 
cyclic hydrocarbon, combined in 
form of an oxidation product, a 

■“ 

t - 

chemical point of view demon- 
strated that the liver of animals 
treated with carcinogenic azo- 
benzene derivatives, like butter- 
yellow, had in comparison with 
normal liver lost a protcinous 
antigen; while working at the 
Chester Beatty Research Institute 
he succeeded m tracking down 
a similar antigen loss m the 
kidney of male hamsters^'; these 
had been treated, according to 
Kirkman by Horning, 32 with the 
oestrogen sulbocstfol, causing the 
formation of tumours in that 
organ. The chemical and bio- 



Butler yellow m the liver 
(Miller and Miller) 



12 5 (i-Dibritzanthracene in the skin of the rnolise 
(C- Heidelberger, el at . ) 



Stilboestrol action on the kidney ot the male hamster 
(H Kirkman. E. Horning. E Weiler) 


Protein 


chemical nature of the dunged or deleted proteins has 
so far not been established, neither has the reper- 
cussion of such loss on the nucleic acids in the tumours 
or in the tumour-host been substantially elucidated. 


body by, say, emission spectroscopy or colorimetry. 
Because of inherent technical diffculties uith bio* 
li^lcal material. p.irticu!arJy witli regard to choice 
of base line (wet ueight, dry »dghf, nitrogen. 
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Reprinted from THE ;oi.’R''aL of the chemical socirrv, p.J8I6-I8l9 (1957) 


Cyto-active Amino-acids and Peptides. Part Synthesis 

of petm-Subsliluled Phenyl nnd All'oxymethyl Ethers of Tyrosine. 

By F. Bercel and G. E. Lewis. 

0-[p.pi-(2'ChIorocthyl)aininopbenyI]-DL'tyrosine has been synthesised by 
t^vo routes Etherification of fV-acyl-t-tyrosme esters with p-fluoronitro- 
benzene led to racemisation Attempts to resolve A^'acetyl-0-/>*mtrophenyI- 
PL-tyrosme failed. Methoxymethyl and ethoxymethyl ethers of t-tjTOsine 
have been prepared. 

In Parts 1 1 and TI * of this series the preparation of novel ^(zra-substituted phenylalanines 
was described. One of them, ^-di-(2-chIoroethyl)amino-L'phenylaIanine (CB 3025) was 
found fo be very active against an expenmental animal tumour,® to cause mutations in 
Drosophila welanogaster* chromosome damage in tumour cells,® and inhibition of phenyl- 
alanine uptake in Siaph. aureus.* In continuation of this work, synthesesof^am-substituted 
phenyl and alkoxymethyl ethers of tyTOSine were undertaken as a step towards the study 
of corresponding iodinated derivatives. 

0-[^-Di-{2-chIorciethyI)ammophenyI3-DL-tyrosine [II; R ** (CI'CHj'CHj)jNj was ob- 
tained from diethyl acetam{do^(^'*nitrophenoxy)benzylmaJonate ’ (I; RasNOj) via 
the />'-amino-compound ’ (I , R =» NHj), the preparative sequence being continued wth 
hydroxyethylation, chlonnation, and hydrolysis, in a manner published previously.' The 
reduction stage was improved and the dH2-hydroxyethyl)amino-inteTmediate [1; R*« 
was obtamed crystaUine. However, no attempt was made to isolate 
tVe malonate [I , R = (CbCHj'CHjljNj, the chlorination product from the dialcohol [I; 
R as (HO'CHj'CH-I^NJ being hydrolysed directly to the required amino-acid [II; R =* 
(CI'CHa'CHjliN]. ' 

R-C4H,0-C.H4-CH,-C(CO,Et), R-C,H,-0-C,HvCH,-CH‘CO.H 

NHAc NH, 

0) (H) 

Attempts to sjuithesise the optically active forms of the tyrosine [11 ; R = 
(Cl'CHj'CHjlaN], in particular the L-isomcr, in view of the biological results in the phenyl- 
^amne series,® failed in every instance when p-fluoronitrobenzene was used with a number 
of iV-acyl-L-tyrosme esters. Although etherification was achieved in reasonable yields, 
in presence of anhydrous potassium carbonate in ethyl methyl ketone, it was always 
accompanied by racemisation of the tyrosine ethers produced In consequence, only the 
DL'forms of IV-formyl-, JV-benzoyl-. and Jy-phthaloyl'0-(j^-nitrophenyl)tyrosine ethyl 
were obtained. That this was due to the vigorous conditions necessary to effect etherifi(> 
ation was shown by the results rvith fluoro-2 • 4-dinitrobenzene which, when condense 
with iV-formyl-L-tyrosme ethyl esters under milder conditions, gave the (2 ; 4-dinitrophenyl)* 
iy*fonnyl'<7-L-tyrosine ester. We also confinned the claim by Canzanelli et al.^ tha 
3 4 . S-tn-iodo-I-nitvobenzene, condensed with N-benzoyl-t-tyrosine ethj’l ester, yie s 
the L-form of di-iodinated (7-^mtrophenylt>'rosine. A^-Formyl-0-(^-nitrophcnyl)-UL- 
tyrosme ethyl ester was reduced to the amino-compound, hydroxyethylated, chlorinate , 
and hydrolysed to the "mustard” derivative [II; R = identical ui 

the product from the malonic ester synthesis reported above. In the case of the (?-/>-mtro- 
pheuyl-W-phthaloyltyrasine ethyl ester, reduction gave the corresponding amine whic , 
like its precursor, showed no optical activity. 
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(6) This material {11-8 g.) and /t-fiaororntrobeozene (7-0 g.) in freshly dried, redistilled ethyl 
methyl ketone (200 ml } were refluxed for 48 hr. over finely powdered anhydroos potassium'' 
carbonate (3 5 g.). and the solution was filtered, and taken to dryness -f» vticuo The residue 
was dissolved in ethyl acetate, and the solution washed with water, dried {Na,SO<), and 
e%^porated to a small volume. After dtlution with ether, addition of a small amount of pentane 
and storage in the refrigerator overnight, gave colourless 'ii*‘foTmyl-0-^nitropKenyUv>v-iyroiint 
tthyl esier {40%}, m. p 105% « 0® {Found : C. 60 4 r H, 6-4: N, 7-8. C„rti,0,N, requires 
C. 60-3: H. 5 4; N. 7-8%) 

(c) The mtro-compound (4-78 g.} in ethyl acetate (100 ml) and methanol (25 ml) was* 
hydrogenated in the presence of palladtsed calcium carbonate (0 2 g ) , The filtered solution was ’ 
washed with water, dned (Na^O^). and taken to drj'ness. W*-Fonnyl-0'^-aminophenyI-Dt- 
t>TOSine ethyl ester was left as oil {yield 70%). 

It gave an aciiyl derwaUve which crystallis^ from aqueous ethanol as a monohydrale, ra p. 
85-5*^ (Found.. C.618; H.63. N.7-1. C„H,tO»Kj,W,0 requires C. 61-8; H.62: N. 7-2%J. 
The amme and its acetyl derivative were optically inactive. 

(d) The amme was hydroxycthylated and chlorinated as for the malooic ester inteftnediate 
After acid hydroly'Sis the 0-[P'di-{2'Chloroethyl)atmnop'hcnyt)-Di.-tyrosioe was obtained, 
identical mm p and mixed ra, p. with the product obtain^ by method (l). 

0-'^KitTopkenyl’'t:i~pkikaloyl~t>i.-iyTOiine Ethyl Ester. — (a) Equivalent amounts of L-tjTOSine 
ethyl ester and phthalic anhy-dridc were dissolved in benzene, the solvent was rcraos’ed, and the 
reactants were heated as a thick oil on the is-ater-bath for 30 min The product vds refluxed 
in 2 SN'Cthanohc hydrogen chloride for 1| hr., then evaporated to dryness i» vacuo, and ethyl 
acetate added to the residual od While the phlbaloyl compound was dissolved by the ethyl 
acetate, unchanged ammo-ester was deposited as the solid hydrochloride. The ethyl acetate 
solution was filtered, washed with aqueous sodium carbonate, and, after drying (KsjSO,), 
concentrated to a small volume Addition of pentane preapitated oily H-phtkaJoyl’t-tyrastne 
tthyl ester which solidified (yield 75%). A small portion was recrystaUised from cyriehexanc, 
giving white needles, m p 101 — 105% {o]^ - 102* (c 2 01 in EtOH) (Found C,67'I; H,52; 
X4-2. C„HuO»NrequtfcsC. 87-3. H.51; N. 4 1%). 

(5) This material was ethenfied by p-fiuoronitrobenzene under the conditions used for the 
A’-formyl compound After evaporation of the filtered ketonic solution, an oil (ea. 60%) was 
obtained which crystallised readily upon addition of ethanol Recrystallisation from ethanol 
gave O-p-nilropkenyl-ll-pktkatayt-vt-tirostne ethyl ester as colourless prisma, m. p. 116% « 0" 
(Found C.651: H.44, N%61. C«H,* 0 ,N,reqmresC. C5 2. H. 4 4. N. 8-1%). 

O-^ATnintyphenyUls^-phthaloyl-ox.'tyrostHe Ethyl £irer-— The mtro-compound (15 g) tn 
ethyl acetate (200 ml ) and methanol (50 mL) was hydrogenated over palladised calcium 
car’tenate (0 S g ) The filleted solution was shaken with water to remove methanol, separated, 
dried (Na,SO»), and taken to dryness The residual oil crystallised overnight (yield 80%h It 
recrystallised from propan-2-ol as light yelloiv needles, m p. 121 — 122% a 0* (Found . C, lO 2, 
H.5-1. A%06. requires C. 69 8. H.52; N.65%). 

N-j8cnxo>'/-0-p-n«ropA?n>4-Di--ryronne Ethyl Ester — //-Benzoy’I-t.-tyTOSjne ethyl ester w as 
prepared according to Canzanelli el a/ , * it had m. p. 122 — '123®, [a)” — J6*3* (c 3 0 in ethyl 
methyl ketone), [a]* -23 7“ {c 3 7 in EtOH). It was treated with p-fiuoronitrobenzetie as 
above. The oil obtained after filtration and evaporation of the ketone crystallised in ^ 
yield on addition of ethanol RecrystaUisation from the same solvent ^ve colourless needle, 
m. p 145— 140% a OMFottnd ■ C,66-5, H.52. N.6-1 C,,H.,0,N, requires C. 66 4; H,5I: 

N. 6-5%) 

N*'Fon>jyf-0-(2 4-dtnitr(^henyl)-v-tyrosine Ethyl Ester — fi^-Forroyl-t.-tyrosine ethy es er 
in an exact equivalent of aqueous K-sodiucn hy’droxide w-as heated wtth an equivalent 
of l-fiuoro-2 4-dmitrobeiuene in ethanol on the water-bath for 30 mm. , water was ad o 
precipitate the dimtrophenyl tyrossne ether (75%) The product solidified and. recrysUlWw 
from benzene-pentane, had m p 93 — 93*. -1-18® (c I 8 in EtOH) (Found : C. 53 4. * • 

N. 10 6 C„H„0,R,requjresC,536; H, 43. N. JO-4%). 

Attempts to Resolve ^■Acetyl-O p^mirophenyl'Dt.-tyrostne—This compound, prepared D> me 
method of Southwick tt al had m p 162® (a) It was mixed xcith equmiolecular 

of bruane, anchomue, cinchonidine, qomme. strjxhnmc, or {-j-l-arophetaniine m e a * 

^ g , bnicine (3 94 g ) in ethanol (10 ml ) was mixed with the tjTOsme denvative (3 44 g J in 
ethanol (15 ml ) No crystals were deported dunng several days' storage at 20'*. Evapora 
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Our next efforts were towards the resolution of A^-acetyl-0-^-nitrophenyl-DL-t5Tosine 
by formation of salts with optically active bases such as brucine, quinine, cinchonine, 
cinchonidine, strychnine, and (+}-amphetainine. In no case were satisfactory results 
obtained. Equally unsuccessful was the application of the enz 5 Tne acylase I to the same 
tyrosine derivative under conditions similar to those used by Greenstein et al.^ in the 
resolution of iV*acetyl-DL-a/foisoleucine. 

In addition to the above phenyl ethers we prepared alkoxymethyl ethers of tyrosine, 
starting with iV-phthaloyl-L-tyrosine ethyl ester. When this compound was allowed to 
'react with chloromethyl methyl or ethyl ether and the phthaloyl group was removed %vith 
ethanolic hydrazine, O-methoxymethyl- and O-ethoxymethyl-L-tyrosine were obtained. 
Both products, in contrast to tyrosine, were easily soluble in water and liberated 
formaldehyde in warm dilute mineral acids. It was thought possible that this charac- 
teristic would enable these 'compounds to release formaldehyde slowly under biological 
conditions and that they would act as anti-tumour agents. However, no such effect was 
achieved wth 0-methoxymethyl-L-tyrosine (CB 3081) when applied by A. Haddow to 
rats carrying the implanted Walker carcinoma 256. 

Negative biological results were also obtained with the compound [II : R = 
(CbCHj*CH 2 ) 2 N) [CB 3051). This is surprising in view of the high activity of the />-di-(2- 
chloroetliyl)aminophenylalanine.^ On the other hand. Fahmy and Fahmy observed 
point mutations with CB 3051 in Drosophila melanogaster. 

Experimentai. 

^'[p-Di-{2'Chloroelhyl)amtnophenyl]-iit,-tyrostne [11 . R = (Cl*CH,*CHj)jN) •^Method (1) 
(a) The nitro-coTnpound (I , R = NOj), prepared asdescnbed bySouthwickf^o/ hadm p 154® 
[lit, 153 6 — 164®), it [8-88 g) was hydrogenated in ethyl acetate [200 ml) and methanol 
[50 ml.) at atmospheric pressure in presence of palladised calcium carbonate (0-5 g ) After 
filtration, the solvent was evaporated in vacuo and the residue dissolved in \\ann benzene 
(charcoal), which was filtered again. The cool solution on admixture with a small amount of 
light petroleum yielded, almost quantitatively, colourless crystals of the amine (I ; R «» NH*) 
which, rccrystallised from ethanol-light petroleum, had m. p. 160® (lit , m. p. 147—148*) 

(5) Ethylene oxide (12 ml,) was added to a solution of the ammo-compound (I , R s= NHj) 
(5 0 g.) in water (76 ml.) and glacial acetic acid (46 ml.). The mixture was kept at 20® for 24 hr , 
then neutralised by solid sodium hydrogen carbonate. The precipitated gum was extracted 
with ethyl acetate, and the solution dried {Na,S 04 ). treated with charcoal, and. after filtration, 
evaporated in vacuo to drj’ness. The residue (yield 05%), crystallised from benzene-light 
petroleum, gave the required dt{kydroxyethyl)afntno-compound (I; R = (HO'CHj*CH*)jN] as 
colourless needles, m p 104— 105® (Found • C. 62-3, H. 7 1 . N, 6-7. C.,H,.0,N, requires 
C.622; H.O-S. N, 6-0%). • i i 

foregoing compound (6 g.) was dissolved in sodium-dned benzene (200 ml ) and ca 
ml, of the solvent were distilled oil, m order to remove any traces of water. To the cooled 
^ution was added phosphorus oxychloride (16 ml ), and the whole then heated under reflux for 
benzene was removed in vacuo, and the residue dissolved in concentrated hydro- 
c oric acid (120 ml ), refluxed for 6 hr , and concentrated to a thick syrup in vacuo. This was 
issoU-cd in water (40 ml.), and the solution treated wath charcoal, filter^, and neutralised by 
saiuratctlsodiumacctatc solution, whereupon the 0 -(p-{fi-( 2 -fWo»'ecdiyf)aminopfcf«yQ -Di.-lyrosi«« 
^ as deposited as a heavy ofl-whitc precipitate (35%). Rccrystallised from aqueous mcllianol, it 
had m p 100— ICO’ (dccomp) (Found C. 67-2. 11. 6 0; N. 7-0. Cl. 18-2 C„H,,0,X,CI, 

requires C, 67-4. H. 6 0, N. 7-1, Cl, 17 8%) 

Method (2). (a) A’-Formyltyrosinc ethyl ester was mentioned by lla.as etal •• but no detaiLi 
Were given In the present investigation it was prepared by treating i.-t>TCrtine ethyl ester 
W g ) with 08% formic acid (2.5 ml ) and acetic anhydride (4 ml ) at 40 — 60’ for J hr The 
solvent was removed i« vacuo and the residue diluted with water (250 ml) The aqueous 
solution was &at«rate<l with sodium chlondc and extracted with ethyl acetate The extract 
dnevl (N.rjSO,! nnd concentratctl to a small volume. Addition of ether precipitated 

A-fonn>l L-tyrmme ethyl ester (T.l*;;,). m p 105— 108’ (lit . 106—100’). [*]” f-37-2Mc4C5 

ml.tOll) (Found- (’.OOfl. H.04. N.59. Calc lorC„n,jO,N- C.C08; 11.04, N,50%). 
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Oyto-activc Amino-acids and Peptides, Part IV.^ Synllmis of 
'x-[p-Dz-{2~chlorodhyl)amino-henzt/Udene- and -benztjll-hippnramides 
and -hippuramido-acids. 

By F. Bergel and J. A. Stock. 


4-(^-Dt-(2-chlorocthyl)aminoben2yIidenc]-2-phenyJoxazol-5'Oae (I; R = 

Ph ; M — (C1*CH,-CH,),N3 is described, Tliis compound, %\hen treated with 
ammonia, primary amines, t(-atnitio*acids, or o*amino-acid esters, gave 
" nitrogen mustard ’’-substituted unsaturated amides and peptides (as II and 
Jll) uhich were reduced to the corresponding substituted pfienyJaJanine 
derivatives (as IV and V). An analogous tluazolone has also been prepared. 

Syntheses of *' nitrogen-mustard ” analogues of l-, d-, and DL-tyrosine and of dl- 
thyronine were described m previous parts of this series,^ which dealt with potential anti- 
tumour agents of an a-amino-acid character. We now report an extension of this work 
aiming at the preparation of related dipeptides. 

Although known to be of limited value, Bergmann’s azlactone synthesis * was employed 
because of the ready av'ailability of ^-dj-(2-chlorocthy})aminobenzaIdehyde * When the 

latter was heated ■*’ ’* * j- ^ i Me, 

the azkctone (I; • was 

obtained in yield' • , nary 

amines to give «-[^-di-(2-chIofocthyl)aminoben2ylideneJhippuramides (11), and with amino- 

P-M'C*H4-CH=OCO-NHR J>-MC,H4-CH=pCO-NH-CHR'CO,R' 

NHBz NKBz 

(ri) (iri) 


(I) 

R 


acids and their esters to give the corresponding hippuramido-acids and -esters (IH). 
These compounds may be considered as dehydro-derivatives’ of ^^“-benzoyjphenylalanine 
amides and peptides. In order to achieve satisfactory reactions three or more molar 
equivalents of the amine or ammo-acid derivative had to be used The crystalline com- 
pounds prepared in this way are listed in Table 1. They comprise derivatives of ammonia 
(II ; R«H), ethvlamme (U, R *= Et), and cyc/ohexylamine (II; R**CeH,i); of 
glycine (III; R « R' =» H), dl- and L-alanine (III; R = Me, R' H). and L-valine (HI; 
R « MeXH, R' « H) ; and of the ethyl esters of glycine (III ; R « H, R' Et), L-leucine 
(in, R « JICgCH-CHa. R' * Et), and DL-phenylalanine (III; R PJvCHg. R’ = E^)- 
The azlactone (I ; R ~ Ph) reacted with L-Ieucine, L-tyrosine ethyl ester, dl - aspartic acid, 
L-histidinc, L-cysteine, and DL-methionine but the products resisted crystallisation. 
Aniline and p-aminobenzoic acid did not react with the azlactone (I; R ~ Ph) under the 
conditions outlined in the Experimental section, the azlactone being recovered unchanged. 

Conversion of compounds of type (II) and (III) into DL-phenylalanine derivatives (I v) 
and (V) was first attempted by catalytic hydrogenation. This reduction of the glycme 

P-M-C,H4-CH,-CH-C0-NHR p.M-C,H,'CH,-CH-CO-NH-CHR-COiR' 

NHBz AhBz (VI) / 

(IV) (V) C 

eH,Ph 


(III, R = R' = H) and of the Dt-alaninc denvative (III, R — Me. R' = H) could be 
achieved only by using a mixture of Adams platinum oxitle, palladium-charcoal, amt 
Raney nickel. Any one or any pair of these catal>*sts was jneffecti\ c. However, it ^v'as 
found that the cyclohc-xylamide {II; R®=C(Hu) could be hydrogenated over Kancy 
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gave a gum. WTien strychnine (3-34 g.) was used, the insolubility of the base required larger 
amounts of ethanol (75 ml.). Jn no case, including the use of methanol, cblorofomi, or aqueous 
ethanol (70%) as solvents, were satisfactory results obtained. 

(6) The tyrosine derivative was treated in the manner described by Greenstein et at.* for 
ncetyl'DL-fl//oisoIeucine, in an aqueous solution of lithium hydroxide with dry acylase I powder. 
No preferential enzymic hydrolysis was observed. 

0‘Methaxymethyl-i.-tyrosine — hl-Phthaloyl-L-tyrosine ethyl «ter (10 g.) and an e.xcess of 
chloromethyl methyl ether (25 ml ) in dry benzene (200 ml.) were refluxed over dry potassium 
carbonate (6 g ) for 13 hr. The solution was filtered and evaporated in vacuo. The residual 
gum was extracted with a very large volume of boiling light petroleum (b. p. 60 — 80“) from which 
slowly crystallised, on cooling, 0-meihoxymetkyU}^-phthaloyl-i.-tyros\ne ethyl ester (76%) as 
colourless needles, m p 75 — 76“, [a]!? —191® (c 301 mCjH*) (Found : C, 65-7, H, 5-75, N, 
3 9 CjiIIjiOjN requires C, 65 8: H, 5-6. N. 3*7%) 

This compound was refluxed in an equivalent of M-ethanohe hydrazine for 2 hr,, then cooled 
and filtered to remove phthalhydrazide, and the filtrate evaporated to dryness The residue 
«a3 pas.sed in benzene down a column of alumina to remove any traces of phthalhydrazide 
The cluatc on evaporation gave an oil which was hydrolysed to the ammo-acid by shaking it 
with a slight excess of N-sodium hydroxide at 20® for 2 — 3 hr Most of the oil dissolved in the 
alkaline solution, which was then filtered and neutralised with an exact equivalent of K-acctic 
acid. The solution was then evaporated in vacuo at 40 — 60® until solid material was deposited 
A large excess of ethanol was then added to precipitate completely the O-methoxytnethyl-L- 
tyrosuie (yield 40%) Rccrystallised from aqueous ethanol, it had m p. 185 — 100’ (dccomp ) 
on slow heating, [a]” -27'5’ (c 2 00 m H,0) (Found . C, 68-6, H, 6-9. N, 0-2 CijMjjO^N 
requires C. 68 65. H. 0-7: N. 6 2%) 

On warming a solution of the compound (0 25 g ) m N-hydrochlonc acid (5 ml ) in n stoppered 
tube for 1—2 mm , an odour of formaldehyde w.is produced Neutralisation with N-sodium 
hydroxide precipitated L-tyrosm*' The filtrate on addition of ethanolic dimedone deposited 
the formaldehyde derivative (m p and mixed m p) 

O-Efhorytnethyl-L'lyrostue — In the same manner chloromethyl ethyl ether and A^-phtlialoyl- 
L*t>Tosme ethyl ester gave O-elhovyftieihyl-L'tyrostne (ca 10%) without crystallisation of the 
Intermediate N-phthaloyl ethyl ester The compound. recrystaUiscd from aqueous ethanol, 
had m p 188—100’ (decomp ), («]« -20-6’ (c. 100 in H,D) (Found C. 69 8. H, 7 0. N, 0 0 
CjiHijOiN requires C, GO 2. H. 7 2, N. f»-9%) 

We thank Dr J P. Greenstem of the National Cancer Institute, National Institutes of 
Health, Bctliesda, H S A . for a gift of acylase I. and all our biological colleagues, particularly 
Professor A. Haddow, for their interest and co-oj>cration. One of us (G H L) acknowledges 
the grant of a Junior Fellowship of the Hntish Empire Cancer Campaign This work has been 
supported by grants to tins Institute from the British Empire Cancer Campaign, the Jane Coffin 
Chillis Memorial Fund for Medical Research, the Anna Fuller Fund, and the National Cancer 
Institute of the National Institutes of iic.iltli, U S Public Health Service 
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nickel. Three other compounds were reduced, not always readily, with the three-catalyst 
mixture, namely, the derivatives of ammonia (11; R = H), L-alanine (III; R = Me, R' = 
H), and DL-phenylalanine ethyl ester (III; R *= Ph'CHj, R' is= Et). 

While zinc in glacial acetic acid was not effective, the addition of concentrated hydro- 
chloric acid to this system led to very rapid and efficient reduction, yields being 
substantially higher than by catalytic hydrogenation (Table 2). The apparent lack of 
optical activity in the reduced L-alanine and t,-leaane ethyl ester derivatives (Table 2; 
Nos. 6 and 7), the former prepared by either method of reduction, does not indicate that 
racemisation had occurred. After hydrolysis of the compounds with 6N-hydrochloric acid, 
the solutions showed rotations comparable with those to be expected from the presence of 
an equivalent concentration of L-alanine and L-leuane respectively. Moreover, the m. p. 
of the L-alanbe derivative (Table 2, No. 6) ivas about 25” lower than that of the corre- 
sponding DL-alanine peptide (No. 5), 

The methods outlined above thus enabled us to prepare several iV«-benzoyl-dipeptides 
carrying a *' nitrogen mustard ’* group on the phenylalanine moiety. The benzoyl group 
does not, however, lend itself to removal by moans which would preserve the peptide link. 
We therefore sought to vary the azlactone so as to have ultimately an easily removable 
N-acyl group. To this end we attempted to prepare the azlactones (I; R==Me),{I: R = 
CFgh^l; R ssa Ph'CHa), and (I; R = Ph'CHj’O) but failed- We did, however, synthesise 
the thiazoione (VI) from phenyl(thioacctyI)glycine but this did not give crystalline products 
when allowed to react with cthylamine or cyc/ohexylaminc. This approach was therefore 
postponed. However, as indicated m a prdiminary communication,^ we are investigating 
the use of the readily removable o-cyatiobenzoyl group in the preparation of peptides 
related to the compounds described m thb paper but possessing a free amino-group. That 
such an ammo-group may be required for powerful anti-tumour activity is illustrated by 
the apparent ineffectiveness ® on the Walker carcinoma 256 of the azlactone (I, R «= Ph), 
the thiazoione (VI), of the dehydro-compounds as given on Table I, and of the glycine 
peptide (V; R =» R' «» H} \Vhile none of these compounds has been tested yet up to the 
limit of tolerance, it seems that pronounced anti-tumour action in this scries may depend 
on the presence of zwitterion systems. 

EXPERUtENTAL 

i’]jf'Di-!fi'Chlor<ietkyt)<iminQbsmyltdtncy^-fheiiytoxaxol-^'one {I; R a» Ph) (tf. Buck and 
lde‘).--.p-Di-{2-chloroethyl)ammobenzaldeh3^e» (4 92 g), hippuric acid {5-58 g, 10 moL), 
powdered anhydrous sodium acetate (t-GI g, 10 mol), and acetic anhydnde {6 ml.) were 
heated with stimng at about 120'’ Complete dissolution occurred within a lew minutes The 
red solution was then heated on a steam-bath for about 25 mm It deposited red cr^-stals on 
cooling. Water (7 ml } was added (o the cold mixture. The aqueous layer was poured oil 
after about Ifi mm . and the solid re-sidue washed with w-atcr, collected, and dried The 
oxatolone crystallised from benzene in bright red pnsms (4 89 g , G3%), m. p 132—135* (with 
previous soltenmg. and clarification at 142*) Omission of sodium acetate from the reaction 
mixture resulted in a slightly lower yield RecTystani<>.-ilion from Iwnrenc rtiiswl the m p to 
135—138* (soUemng from 122*, clarification and meniscus 142—145") (Found C, 84 0; H, 
CO: N. 7 0: Cl. lOC requires C, 04-6. 11.4 0, N. OC; Cl, 10 0%)! 

Crystaliisation from CcUosohc gave light tan sol>cnt-frcc pnsms of much sh-arper m n (141 

142’) (Found. C. 01 S. H. 4 7. N. 7-4. Cl, 18 0 C„H,,0,N,CJ, requires C. 61-7; 31. 4 0. X. 

7-2: Cl. 18-3%). Moistening these vnth a litHc benzene caused the colour of the compound to 
revert to bright ml. Both solid forms showed strong fluorescence under ultraviolet light 

Z‘Dene^I-4-{p-d(‘l2’Chlaroflfiyl}aminot>rnjylidene)/hiae<rl'5‘<rne (\’I) (cf Ahrah-am <t a/.*) 

Phcn>l(thicwcctyl)gl)ciiic* {2 09 8),p-di-(2<hloroc'thyl).aminQbenwldehy«lc» (2 46 e , l-Omol). 
«nd acetic anhydride (5 ml ) were shaken with gentle warminif tmtil rfissofulion w.as complete, 
then kept at 60— cn’ for 3 fir. After cooling, a solid was de|KKitrtl; this »a.is collectrd nnd 
washed nilh ethanol, then light jwtrolcum Tlie orange rods (200 g . 50%). m. p 15J— 155*, 
wcrerccrysl-allised from benrene-eth.inol, then Cclkrtolve. and yieldeil theMiazofcKcfl 6g ,3H%), 
m. p. 157— ISSMIvund C, 60 2: H. 5 1; N. 6 5. S, 7 3. a, 16 8. C„I{„O.V,bCf, requires 
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C. 60 J5; H, 4-8; N, 6-7; S. 7*6; Cl. 16'9%). The use of anhydrous sodium acetate and of a 
higher reaction temperature offered no advantage. 

a.-\^'-Di-(^-chloroethyt]aminobenxy}idetu]hifypttrttmides (II). — A concentrated aqueous solution 
of ammonia or of diethylamine (-<3 mol. equiv.) >vas added to an acetone solution containing 
the oxazolone (I ; R *= Ph) (0 6— 1*0 g, per 10 ml ). The ammonia reaction was carried out at 
room temperature and u'os complete within 16 min The ethylamine reaction mixture was 
heated under reflux for a few minutes Reaction with orfehexylamine was earned out by 
heating under reflux a solution of the oxarolone (I, R = and base (3 mol. equiv ) m ethyl 
acetate for ca. 1 hr. The fading of the initial orange colour of the solution to lemon-yellou' was 
a guide to the rate of reaction in all cases. The mixtures were evaporated to dryness under 
reduced pressure and the amides it’ere crystallised from suitable solvents (Table 1) 

a‘{p-Di-[2-ehJorpethyJ)aminobemyIidene'}hippuraMido-actds and -amido-eslers (III; R' = H 
or Et). — (a) Jieaitton of oxazolone (I; R =» Ph) wttk amtno-actds. The oxarolone was dissolved 
in boiling acetone (ca. 10 ml. per mmol, of oxazolone) and treated with a solution of the amino* 
acid (3 mol.) in N-sodium hj'droxide (3 equiv.). The mixture was heated under reflux for 
16 min., by which time the colour had usually fhded to pale yellow. Most of the acetone was 
evaporated under reduced pressure, the residual aqueous solution diluted with a few ml of 
water, and the product precipitated by addition of dilute h>'drochlonc acid to pH ca. 3. The 
products which could be punfied by crystallisation are tabulated in Table 1. 

(b) Reaclion of oxazolone (I, R =« Ph) tinih amtno-acid ethyl esters. The oxazolone was 
refluxed for up to 1 hr. in ethyl acetate with the ammo-ester (6 mol ; usually prepared from the 
, ester hydrochloride by treatment with triethylamine m chloroform). The solution t%'as 
evaporated, and the residue washed with dilute (ca. 0-lM-)hydrochloric acid to remove excess of 
amino-ester. Products obtained crystalline are given in Table 1 

ct-[p-Dt-(2’chtoroelhyl)a»itnobenzyl]‘hipptiramides and ■•AiJl>/>M»’o»ndo-a£»ds and ^esiers (IV and 
V). — (a) Catalytic reduction. The unsaturated compound was shaken in methanol or methanol- 
ethyl acetate over Adams platinum oxide catalyst, Raney nickel, and 6% palladium-charcoal 
The eyefohexylamide (II ; R » was successfully reduced m the presence of Raney nickel 

alone. The results are set down in Table 2. ^ 

(b) Chemical reduelton. The unsaturated compound (I mmol) was dissolved m glacial 
acetic acid (10 ml.), and concentrated hydrochloric acid (3 ml ) was added Zinc dust (2 g.) 
was then added in two or three portions to the stirred and cooled solution Stirring was 
continued for 10 min., though the colour of the solution generally disappeared within about 
3 min. The mixture was filtered, the residual zme washed with a little acetic acid, and the 
combined filtrate and washings were diluted with water to about 30 or 40 ml. The solution 
was brought to pH ca. 3 by the addition of N-sodtum hydroxide, and the precipitated product 
was crystallised. The results are given in Table 2. 

Hydrolysis of Reduced Peptides of L-Alanine and of L-Leuctne Ethyl Ester (a) h-Alanmc 

derivative (V; R * Me, R' *= H), The compoun<l^(I01 mg.) was heated for 3 hr under reflu.x 
in 6N-hydrochlonc acid (2 ml ). Colourless needles, presumably benzoic acid collected m the 

— j.. , •, . jn. , r’l . 


above m which the reflux time of the compound (90 mg ) in ON-hydrocbloric acid (I'6 ml ) was 
4 hr. gave a solution (final vol., I 6 ml ) whose a^,* was -h009* ± OOlS** Hence, for the leucine 
released (11-9 mg , assumingcomplefehydrolysis), (ajj* = -f Ji-C" ± 2“ (r 0-70 in On-HCJ). The 
L-leucine used had -f- 16® ± 2® (c 0-64 m 6N-HCI).* 

We thank Professor A. Haddow for permission to use his biological results. Tins and 
related work has been supported by grants to this Institute from the British Empire Cancer 
Campaign, the Jane Coffin Childs Memorial Fund for Medical Research, the Anna Fuller Fund, 
and the National Cancer Institute of the National Institutes of Health, US Public Health 
Service. 

Chester Bhattv Research Institute, 

iNsnruTE or Cancer Research. Rovai- Cancer Hospital. 

Fulham Roap, S.W.3. June 2Is<, 1937.) 
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stromvcrteilungi2), als Trcnnmcthodc filr F!avine zu erprobcn. A.Emmerie> 3’ fand, 
daD sjch Riboflavin von FMN dutch Vcrtcilung zsvischcn Wasser und Bcnzylalkohol 
Irennen lafil, und A.O.Bessey*^! gclang anschlicOend cine {eilwelsc Trennung von 
FMN und FAD mil dcm gJcichen Ldsungsmittel. das auch von K.Vaoi’^’ bcnutzt 
wurde, Yagi zog Oberdics bcretfs die Gcgcnstromverfcilung zur Untersuchung von 
Fiavinen heran. Er bediente sich hierbei eines Ldsungsmittcl-Systcms aus Butanol, 
Essigsdure und Wasser; alferdings gelangdamil nur cine partielle Trennung von Ribo- 
flavin, FMN und 

Die Verwendung von Phenol (oder Kreso!) bci dcr Gegenstromvcrleiiung von 
Fiavinen war nahel/cgend. da dieses einerse/ts von O. WARSURGund W.D/R«TMvt7> 
bci den Extraktionsverfahretj. dte zur Isolierung von nalUriichcm FAD gefuhrt hasten, 
benutzt worden war, und da andererseits G.H.Hoceboom und G.T.Barry^*^ das 
System Phenol-Ather/waOr. Kaliumchlorid crfolgreich zur Gegenstromverteifung von 
Djphosphopyridinnuclcottd herangezogen batten. 

Das von uns gewShlte Losungsmittclsystcm bestcht aus cincr unlcren organischen 
Phase von Phenol und Kresol (2:1) und elner oberen wdDrigen Phase aus 0.054ff» 
Phosphatpuffer vom pit 7.4. In der nachstehenden Tabelle sind die Verteilungs* 
quoiienten K verschiedener Flavine in diesem System aufgefUhrt. , 

Vefieilongsquoiienien 

Flavin Riboflavin FAD FMN Riboflavin* 

..Polyphospbat” 

K <0.05 0.4-0.5 J.3-1.9 , >10 

Im Fade von FMN haben wlr gefunden, daO K von Konzenirationsbnderungen dcs 
Flavins im Bereieh von S’i0~^m bis mcht sehr bcrDbri-wird; bei unseren 

elgentlichcn Gcgenstromvertcilungen wandten wir noch hbhcrc Konzentrationen an, 
ohne daB sich ein nachteiliger EfTckt auf die Wjrksamkeit der Trennmethode bemerk- 
bar machte. In einigen Versuchen mil einem Lbsungsnultclsyitem aus Kresol ah 
alleiniger orgamschsr Phase und einem Puffer von niedrigerempii ergab sich, daB der 
Verteilungsquotient K von FMN im oben erwahnlen Bereieh mit wachsender Kon* 
zentration rasch ansticg. Dicser Unterschied zwischen den Systemen hbngt vermut- 
hch mil der geringeren Loslichkeit von Rjboflavm-Dcnvaten in Kresol ah in Phenol 
zusammen. 

. , * • *.V Chemistry, 'Vol in, 

s. ■ ... ^ . * 

‘ . ■ * ' ' 755 (1949) 

■ ^ . s ... . ■ ■ /(Tokyo! 43, 93 (1956} 

(C A. 50'. 11415 (1956)J. 

K.Yaci und J.Okuoa. Viumms (Japan) 7, 991 (1954), 

ID O. Warburg und W. Christian, Bioebetn. Z. 298, 150 (1938). 

181 O. H Hooeooom und G.XBAHny, /. biol Chemistry 176. 935 (1948). 
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DIE TRENNUNG VON RIBOFLAVIN-DERIVATEN DURCH 
GEGENSTROMVERTEILUNG 

von Franz Bergel*, Robert Cecil Bray und Kenneth Reginald Harrap 

Aus dem Chester Beatty Research Institute. Institute of Cancer Research**, London 
Eingegangen am 29. MSrz 1957 

FUr die Trennung von Flavinen durch Gegenstromverteilung svird ein LOsungS' 
mittelsystem angegeben, das aus Phenol. Kresol und PhosphatpulTer besteht. 

Die bcschriebene Methodik ISQt sich zur Reinigungvon FMN des Handels, zur 
Trennung von FAD und FMN sowie zur Isolierung und Charakterisierung 
von FAD aus Rinder-Xanthinoxydase anwenden 


Zur Trennung von Gemischen von Lactofiavin (Riboflavin), Lactoflavin-S'-phos* 
phorshure (Flavin-mono*nuclcotid, FMN), Flavimadenin'dinucleotid (FAD) und 
verwandten Flavinen***! sind bereits mehrere Methoden beschrieben. Die meistge- 
brauchtc Technik war bisher die Chromatographic: zur Saulenchromatographie 
dientenTonerdci!,FlorisiI^,CaIciumphosphat2>,CelluIose3*^!und lonenaustauscher^); 
rur die papierchromatographische Tfennung2.6.7) warden verschiedene Ldsungsmittel* 
systeme angegeben. Auch die Elektrophorese fand, sowohl in Versuchen an Cellulose* 
saulen*! wie auch in Form der Papierelektrophorese kleineren MaOstabs®-^'it», An* 
wendung auf das vorliegende Problem. 

Obwohl cinige der genannten Verfahren prdparativrecht brauchbarsind, erschien es 
doch einladend, die zumal in ihrer voUautomatischen AusHihrungH! bequeme Gegen* 


•1 JDieser Seiirag 1st von Frans Dergel mil dem Stnversidndnls seiner Kottegen Herrn Ce/ieim- 
raiUeInrieh Wietand anlafitUh seines SO. Oeburtstages in alter Dankbarkei/ gewidmer. 

•*! Royal Cancer Hospital. Fulham Road, London S.W. 3. 

•**• Dieser' Ausdruck wird m der vorliegenden Abhandlung benutzt, um allgemein Iso- 
alloxazine zu bezeichnen 

K. Burton, Biochem. J. 48, 458 (1951). 

2* E.DIMANT, D.R.SANADI, und F.M.Hucnnekens. J. Amer. chem. Soc 74, 5440 (1952). 

3); r; V’ -.t. -ir -<8 <•-*.. 

“ ’ ivs. 46. 

31 I,, •. ■ I r 1 , . 

«) ; L . ^ I 

F.M Huennskens, D.R.Sanadi, E.DiMANTund A.l.ScHePARTZ. J. Amer. chem. Soc. 

75. 3611 (1953). 

S! P.CERLEm und N.Siuprandi, Biochem J 61, 324 (1955). 

9> J.L.PEEI,, Biochem. J. 58, XXX (1954). 

ICYagi und Y.Matsuoka, J. Biochemistry (Tokyo! 42, 757 (1955) [C.A. 50, 6557 
(1956)1. 

*1> L.C.CRAIO, W Haosmann, E H.AHRENS3R. uiid E.J Harfenist, Analytic. Chem 23, 
1236 (1951) — Unser Apparat wurde von A. R. Gilson und A. Wright konstruiert. 
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FUvine, erregten unser Intcresse und vcranlaDten uns, die Gcgenstromvcrtcilungs- 
melhode zur Untersuchung der Xanthinoxydase dcr KuhmiJch heranzuziehen. Es 
sollte weitere Klarheit daruber erbracht werdcn, inwiewejl das Flavin in'der Ober- 
stchcnden Ldsung Hitze-denaluricrterXan(hinoxydase mi't FAD I'dentisch ist. 



0 4 8 13 16 30 24 32 36 40 44 

Rohr Nr 

Abbildung 3. Gegenstfomvefteilung von FAD au5 Xanlhinoxydase (43 Oberflibrungfft) 

Die zu diesec Untersuchung bendd'gte Xanthinoxydase wurde nach dcr Vor-, 
schrift von P. C Avis, F. Benott und R. C Braysi) dargesieUt. AbbUdung 3 zeigt 
cine Verteilung des daraus erhaltenen Flavins. Das Haupfmaximum (K « 0.44) wcist 
keinc Zeichen von Inhomogendit auf. Man erkcnnt lediglich elne kleine Substanz* 
mcnge von niedrigem Veneilungsquoticnten — vcrmullich Photoiyseprodukte — 
aber fceme sonstigcn Maxinia. Ditsc FeststcHung, zusammen mit ErgsbaisscD der 
Papierchromatographic und dcrAbsorptionsmessungen (vgl. Versuchsieil), stutzcn die 
VorsteIIung2o), daO die Ftavin’Komponente der Xamhinoxydase FAO ist.- 

Diese Untersuchung sowie alle damtt rusatnmetihangendcn Atbeiten wurden unterstOtzl 
durch Beihiiren vom British Empire Cancer Campaign, vom Jane Coffin Childs Me- 
morial Fund for Meoical Research, vom Anna Fuller Fund und vom National Cancer 
iNSTiTim of the National Institutes of Health. U.S.PubJic Health Service 

8ESCHREI8UNG DER VRRSUCHE 
AUgememes 

Zur Hcrstellung dz% Losungtmiltel-SyiXemi diente Phenol (faboratofiuinsflWicherReinhejts* 
grad), da* durch Zugabe von Wasser (>/m des Gewichfes) und Env5rmcn verfldssigt worden 
war; das verwendete Kresot (Isometengemisch) war B P.-Ware Bei dcr Isohcrong des 

FlavjnsausXanthijioxydascbeiiutztenwirrcinstesPhenoIfAnlaRJundredestillicrtesKresol. — 

I /Wasser wufdc mit 0.2?/ Krcsol, 058/ Phenol, l.lBgNaHzPO^-ZHjOundfi.ldgNajHPO* 

211 P.G.Avis, F.Beroel und R-CDrav, J chcni. Soa (London) 1?5S, 1100. 


( 464 ) 




1957 


Trennung von Riboflavin-Denvaten durch Gegenstromvcrteilung 


221 


Die mit einem FMN-Handelspraparat erhaltene VerteilungsKurve zeigt Abbildung 1. 
Man erkennt ein Hauptmaximum, das dem FMN (K — 1.3) und 80.4% der bei 
450m|J. absorbierenden Sub&tanz entspricht; die zwei weiteren Maxima reprasentieren 
Substanzmengen von 5.4% {K « 0.03) und 14.2% (K = 8.6). VermutUch ist die erste 
Begleitsubstanz Riboflavin (obgleich Photolyseprodukte gleichfalls niedrige Vertei- 
lungsquotienten besitzen), die zweite em Riboflavin, das mehr als eine Phosphatgruppe 
tragt. Erne auf diesem Ergebnis aufgebaute praparative Reinigung von FMN ist im 
Versuchsteil beschrieben. 




- 



A 


- 

(k-uI 


• 

1 ^ 


'\k-003 

JW 


^8 63| 


Abbildung 1 Qegcnstromverlctlung eine$ Abbildung 2. Gegenslromverteilongeines 

FMN-HandeUpf5pafat« (26 OberfUhrungen) FMN-FAD.Gemischcs (49 OberfUhrungen) 


Die Abtrennung \on FAD, synthetisch erhalten nach S.M.H Christie und Mil* 
arbb.^’ aus einem Gcmisch mil einem OberschuO von FMN, geschah durch 2 
aufcinanderfolgcnde Verteilungsoperationcn: die erste bcwirktc erne pariielle Tren- 
nung; die zweitc wird durch Abbildung 2 veranschaulicht. 

Vnierstichung des Flavins aus Xanthinoxydase. Der Befund von T.P.SinOER und 
E.B.KEARNty'5\ daD gcwisse FAD-Pcplide im i>-Anjinos3ureoxydasc-Test, der bis* 
her als streng spczifisch Fur FAD scibst gaUW>, akiiv sind, sowie Arbciien von F. M 
Huennekens und Mitarbb.^ iibcr nahe verwandte, aber mit FAD nicht idcntischc 


CB.Kearney.V Massiv und T.P Sincir, Federal. Proc. is. 286 (1956) 

II S.CORHAN, J G Dewan, A H GORixiNUndD C. Green. Diochem / 33, 1694(1939) 
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konzentriUonen jn beiden Phasen wie beschriebcn ermiUcUcn Es ergab sich fUr eine Anfangs- 
konzentration von 

8-10'3m K « 1.48 6>I0*4m; K « 1.79 2*10-Jm- K = 1 33. 

Der oben bcschf«b<n« lO-S^uren'Vmucb jieutel Oaraufttin, daO sich K aach bei Komentra- 
iionen, die crhebfich hbber $ind alj diese, nicht sehr stark iindert / 

Abtrennung ton FAD cus einem Gemisch mil FMN 
Das nach S.M.H. Christie** erhaitene Reaktionsprodukt aus 0,5s Thalfium-tiboflavin* 
phosphat und der cntsprechenden Menge des Adenosm-AbkOmmlings wurde nach der 
Aufarbeitung bj$ zur VmciAingsslufe bculraZ/sjert »nd d>rckJ mitteh Cegem/romvefUiJu/ig 
frakltoniert Nacheincr ersten 24'$<ufigen VerteilungzeigCe dieKurve cm Maximum bei Rohr 
13 (FMN). aber keine Inflexion im Cebiet, wo man das Auftreten von FAD hStte erwarten 
soffen. Jedoch enthiclr cine Probe aus Rohr 7 etwas FAD, »/e stch bet papterchromato- 
graphischer PrUfung (vgl. unten) erwies. Der Inhalt der Rohre 4— 10 wurde daher vcreinigt 
und emer wciteren, 49-stufi6en Vertcilung unlerworfen, deren Kurve Abbildung 2 zeigt. 
Die Sercchnung ergab, dad e(wa I mg FAD (K «= 0.4 1) zugegen war, und dafl dies 4% des 
Cesamt'Fiavins m dicser zwciten Vertcilung tntsprach. 

Die papiercfiromaiograpktsche pritjung der aus den FAD-Spitzenfraktionen gewonnenen 
Substanz bestJugte, dafl die Haupimenge des vorhandenen Ffavins den gleichen Rr-Wert 
hatte wic FAD anderer Uerkunft (vergi unien}. 

Urntrsuehung des Fiaiins aus Xaruhtnoxydase 
45ccm emer 2-proz. LOsung von Xamhmoxydase (Stufe M63JI) in 0 5w Phesphatpuffer 
vompi(6 warden im siedenden Wasserbad 15 Mm. im Dunkein erhiizt. Oas denaturierte Pro- 
tein wurde abzentnrugien und mil Pu/TerMsung gewaseherr, darauf das Flavin aus der mit 
NaCI gesattigten waOrigen Phase mil einer kleinen Menge Phenol extrahiert. Der 
Extrakt wurde als Ted der unleren Phase in das Rohr 0 des Apparates gegeben, worauf man 
43 Gbcrfilhfungen vornahm Abb. 3 teigt die Verceiiungskurve. Dee tnhalt der Rohre mitden 
Spitzenfrakiionen wurde veremigt und emer weiteren, 43-stufigen yerteilung unlerworfen; die 
Kurve wies keine bedeuwamen Unterschiede gegenOber der ersten auf, und der K-Wert war 
unverandert. 

DieSpitzenfraktion der ersten Verteilung liefcrtedie folgenden Absorptionsdaten: Ejjj/Easo 
“ 3 34. EwIEaso * 0 12: E>7}/E45 o “ 0-83. Zum Verglei'eh scien die von L.G,WHJT*Y2J*Rlr 
Hefe-FAD gerundenen Wcrle angegefaen" Ezfl«/Easo ** 3 35; E3D5/E450 * 0.14; Ejrs/Eijo — 

0 82 Wir haben unscrc Messuogen — nach vollstindiger Entfernung der Phenolc durch wie- 
derholtes AusschiitteSn mil Alher — gegen cine Leerprobe dcr VcrteilungslbsungsmtUel aus- 
gefUhrt, die m genau gleicher W«ise wie die Probe zuerst mit Methanol \ersetzt und dann nut 
Ather gewaschen worden war. 

Die papterchramatographtsche Unteniuchung (Oinalnumphosphat + Amylalkohol*-:***) 
emer FAD-Probe, die bei eincm gleichattigen Versuch isoliert worden war, ergab einen ein- 
zelnen Fleck vom i?r-Wcrl0.4|. Hefe-PAO zeigte unter ahnlichen Bedingungen Rt * 0.41 
bis 0.43 und das in dem vorhergehenden Abschnitt beschriebene synihetische Produkt Rr ^ 
0.41. Letzieres war mit etwas FMN (Rr «= 0 61) verunreinigt. 

” «^ L. GrWHir8y, Biochem. 3. 54, 437 (1953) 

J*’ C. E. Carter, i- Amer. chem. Soc. 72, 1466 (1950). 
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(wasserfrei) versetzt. Nach Einstellung des Gleichgewichtes batten sich etwa gleiche Volumina 
beider Phasen gebildet. Der pa-Wert der oberen Phase betnig 7.4. 

Die Gegenstromverleilungen erfolgten in eincr SO-stufigen Ganzglas-Craig-Apparaturi2); 
bei einigen Versuchen wurde einc automabsche Bewcgungs- und Fullvorrichtung an den Appa- 
rat angeschlosseniil. Jedes Rohr enthielt 10.0 ± O.Bccm untere Phase. Das Volumen der 
oberen Phase war 10 Occm bei Handbetneb. 11 7ccm bei Benutzung der automatischen FUll- 
vornchtung. Um wahrend der Verteilungen Veflusle an untcrer Phase aus der ersten Stufe 
auszugleichen.lieBenwir nach jederUberfUhrung bis zu 0.2ccm dieser Phase, gleichzeitig mit 
der Zugabe der oberen Phase, m das erste Rohr fnsch zuilieQen. 

Vor der Einfuhrung des zu trennenden Substanzgemisches in die Apparatur wurden mit 
einigen Portionen der oberen Phase, die man nacheinander in Rohr 0 einbrachte, mchrerc 
Oberflihrungen vorgenommen, um alle Rohre mit beiden Phasen zu bcnetzen; falls dies untcr- 
blieb, neigte das „fUhrcnde" Rohr beim Verteilungsvorgangdazu.eincn OberschuS an untercr 
Phase anzusammeln. 

Mit Rtickslcht auf die Lichtempfindlichkeit der Riboflavin-Denvate wurde wahrend der 
Gegenstromverteilungen belles Licht stets verroieden und die Apparatur, wcnn immer m6g- 
lich, mit einem schwarzen Tuch bedeckt 

Nach einer geetgneten Zahl von Oberfohrungen wurde die Gesamt-Substanzmenge in 
jedem Rohr auf Grund der Lichtabsorpbon be! 450m(jt bestimmt, wobei jeweils lOccm 
Methanol zugefugt wurden, um homogene Lbsungen fur die Aferiangcn zu ethalten Die 
tbeoretischen Verteilungskurven wurden rail Hilfc binomischer Wahrscheinlichkcitstabellen*^) 
errechnet unter BerUcksichtigung klemer Blindwerte. die von der Lichtabsorption der Lb' 
sungsnuttel und den Spektrophotometerzeilen herruhrten. Der Blmdwert wurde in jedem Ver- 
teilungsversuch aus den Ablesungen bei solchen Rohren erhalten, von denen erwartet werden 
durfte, daO sie keine geldste Substanz enlhielten- 
In den Abbtldungtn sind die theoretischen Kurven durch ausgezogene Linien wiederge* 
geben; die punktierten Linien stellen die Summen sich (iberschneideoder theoretischerKurven 
dar. Die angegcbenen K-Werte beziehensich auf gleiche Volumenverhaitnisse der Phasen und 
sind dementsprechend korrigierti^l, 

iteinigung von Fiavinmononucltoiid (HandehprSparai) 

Bel dcm m Abbildung 1 dargestelUen Versuch wurden 0052g FMN (Lights, Slough/Eng- 
land) in lOccm der oberen Phase des Lbsungsmittelgemisches gelOst, in Rohr 0 der Apparatur 
cingebracht und 26 UberfUhrungen unterworfen 

Ein anderer Versuch wurde mit der lOfachen Anfangskonzentration an FMN derselbcn 
Herkunfl durchgefUhrL Nach 10 OberfUhrungen zeigte die Vertcilungskurvc ein Vcrteilungs- 
verhaitnis von 1.94 fUr die Hauptkomponente an Die Rcchnung ergab, daO cine Vereinigung 
der Fraktionen 4 bis 7 vom FMN 69% inQber 99-proz. Reioheil gelierert haben wUrde. Hicr- 
auf haben sich erfolgreiche Reinigungen in grOOerem MaOslab grOnden lassen, bei denen eine 
Reihe von Scheidetrlchtem anstelle der Verteilungsapparatur verwendet wurde. 

Den EinfluO der Konrentration auf den Verleilungsquotientcn emcr hochgereinigten FMN* 
Probe haben wir bestimmt. indem wir LOsungen dcrselben von bekannter Konzentration in 
der waOf. P hase mit gleichcn Volumina der phenolischcn Phase ausschOttelten und die End* 
Tables 9f the Binomial Probability Dhiribulloir. National Bureau of Standards, Applied 
Mathematics Series 6, United States Government Printing Office, Washington 1950. 
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Some Potentially Cytotoxic Alkyl Sulphomtles. 

By \V. C. J. Ross and (in part) \V. Davis. 

2-Chloroethyl jiethanesulphon.ate is knouTi to be effective in preventing the growtJi 
of a transplanted rat tumour ^ and to have unusual mutagenic properties.* Some related 
sulphonic esters have now been prepared for biological testing. 

The 2-chIoroethyl ester may be prepared by heating a mixture of ethylene chlorohydrin 
and methanesulphonyl chloride until no more hydrogen chloride is evolved * but a more 
general method is to treat the alcohol ivith the acid chloride in the presence of pyxidine at 
low temperature. Methyl and ethyl butane-1 : 4-disulphonate, however, were more 
conveniently prepared from the diacid chloride and sodium alkoxide in the corresponding 
alcohol. 

To increase their aqueous solubility, toluene-/-sulphonic esters ^ve^e oxidised to the 
corresponding ^-carboxy-derivatii'es which were administered as sodium salts. 

Kiprijanow * reported that esters of 2 : 4-dinitrobenzenesulphonic acid are highly 
reactive as alkylating agents and this has prompted the preparation of the 2-chloroethyl 
ester. In this instance owing to the greater reactivity of the ester it was necessary to use 
2 : 6-lutidine in place of pyridine and to carry out the reaction at —40'^. 

The effectiveness of the compounds as inhibitors of the transplanted Walker rat 
carcinoma is shown in the Table. None of the compounds is more effective than the 
original chloroethyl ester but methyl, ethyl, and fluoroethyl methanesulphonate are of the 
same order of activity when given at somewhat higher dose levels. 

Experimenlal.-^Preparation of alkyl sulphonates : general method. The alcohol (1 mole) in 
diy pyridine (160 ml.) and ether (160 ml.) at —10* to 0* was stirred whilst methanesulphonyl 
chloride (1 mole) vas added during 1 hr. After being at 0® overnight the mixture was pourrf 
on ice-water containing concentrated sulphuric acid (76 ml.). An ether extract was dried 
(K,CO,-Na,SO|) and distilled under reduced pressure in the presence of a few pieces of potassium 
carbonate to prevent autocatalytic decomposition.* For the more reactive methane- 
sulphonates, e g , those from methanol and ethanol, it was advisable to keep the temperature 
below —30® continuously before pouring on ice. 

2-Chloroelhyl p-carboxybenzenesuiphonate 2-Chloroethyl toluene-p-sulphonate (3 g ) in con- 
centrated sulphuric acid (30 ml ) and water (30 ml.) was treated slowly on a steam-bath with 
chromic acid (8 g.) in water (20 ml.). After j hr solid began to separate and after addition of 
water the murture was extracted with ether (600 ml ) The acid, which was extracted from the 
ether layer with 2x-sodium carbonate and recovered by acidification, formed prismatic needles, 
m p. 186 — 188®, from benzene The o.vidation could also be carried out in glacial acetic acid 
without the addition of sulphuric acid 1 • 2-Di-p-catboxj-benzenesulphonyloxyethane and 
1 : 3-dichloro-2-p-carboxybenzcnesulphony!oxypropane were similarly prepared. 

2-Chloroethyl 2 : 4-dtnitrobenjenesulphonafe 2 4-Dinitrobenzencsulphonyl chloride (14 g.) 
was added during J hr to a stirred solution of ethylene cblorohj'dnn (50 ml ) in dry 2 . 6-lutidine 
(60 ml ) and ether (25 ml.) at —40’ After 4 hr. the temperature was allowed to nse to 0* and 
the mixture was poured on ice-w,itcr containing concentrated sulphunc add (20 ml.). The 
ester which was extracted with chloroform formed yellow needles (0 6 g.), m p 104 106 S”, 

from bcnzene-cye/ohexane (1 : 3). 

listers of frii/anr-1 \-disulphome aetd To a cooled solution of sodium (0 01 g.) in methanol 
(100 ml.) was added a solution of butane-1 ; 4-<lisu1phonyl chloride (5 g ) in methanol (25 ml ). 
After I hour's shaking at room temperature the soUent was removed under reduced pressure. 
The residue was extracted with chloroform (3 x 25 ml.) and on the addition an excess of pentane 
the dinuthxl ester sep.iratcd as plates The diethyl ester was similarly prepared. 
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Xanthine Oxidase Actiwty in Normal and Abnormal Growth 

BY 

Dr. I. LEWIN 

A. Levels of Xanthine Oxioase Activity during Normal Growth 

Xanthine oxidase activity was measured In mamm* In a total of 1 15 C+ mice durini the 
virgin state, pregnancy, lactation and involution. Since this organ undergoes profound 
changes In slie, structure and function during the reproductive cycle, It was necessary to 
search for an expression of eniymc activity which would pcrmti biological Interpretation, 
or the many Indices, such as wet weight of tissue, defatted dry wei^i, total nitrogen, DNA 
and cell count, it would seem that the expression of enzyme activity as a function of the vari* 
aWc wUulatUy would best rcflcci the changes in a growing tissue. Also, in order to unifti 
the presentation of the data, the observed absolute values are expressed as a jxrcentage of 
the baseline value, that is, the average value obtained in breasts from up to 50 virgin mice. 

I, Changes in weight . — In each case, the five pairs of breast pads were stripped off the 
underside of the skin and weighed. TTie tissue was then miriced with fine scissors and an 
aliquot was removed for the determination of water, fat and defatted diy weight compositions. 
Another sample was taken from a pyrophosphate homogenate for total nitro^n. The 
results are shown In Fig. 1 . 

From an average value of about 400 mg. of total mammary tissue in a virgin mouse, the 
mammae Increase in weight to about l.SOO mg. around the middle of the lactation phase. 
During the first 16 days of pregnancy the increase in weight seems slower than during the 
last 3 days of pregnancy. It has not been estimated bow much of the further weight increase 
beyond the moment of parturition is due to milk retained in the ducts and alveoli of the 
mammx although the litter is allowed to nuree until the sacrifice of the mouse. According 
to Policy and Greenbaum ( 1947), the milk content may be between 40 and 50% of the weight 
of the mammJB in rats. A decease in breast weight occurs towards the later part of lactation 
and is accelerated after weaning. 


days of pregnancy. 
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Xanthine Oxidase Activity in Normal and Abnormal Growth 

BY 

Dr. I. LEWIN 

A. Levels of Xahtuinb (>(Ida3b Acnvm ourwo Normal Growth 

Xanthine oxidase activity was measured in mamm« In a total of 1 15 C+ mice during the 
virgin state, pregnancy, lactation and involution. Since this organ undergoes profound 

changes in size, structure and function d • 

search for an expression of enryme activ 

Of the many indices, such as wet weight c ' 

and cell count, it would seem that the expression of enryme activity as a function of the varU 
able eellularity would best reOect the changes in a growing tbsue. Abo, in order to unify 
the presentation of the data, the observed absolute values are expressed as a per^ntage of 
the baseline value, that is, the average value obtained in breasts from up to 50 virgin mice. 

L Changes in weisht.-^\t\ each ais^ihe five paira of breast pads were stripped off the 


results are shown in Fig. I . 

From an average value of about 400 mg. of total mammary tissue m a virgin mouse, the 
mamm® increase in weight to about 1.800 mg. around the middle of the lactation phase. 
During the first Id days of pregnant' the increase in weight seems slower than during the 

T ^,v" — ..u .u, f. 


of the mamm® in rats. A decrease in breast weight occurs towards the later part of lactation 
and is accelerated after weaning. 

The wet weight can be thought of as being the sum of the amount of waie^ fat and^defatied 


The amount of total nitrogen per mg. of fresh tissue also incases during pregnancy and 
continues to do so after parturition, udiidt may be a reflection of rnilk production and 
retention. In regard to water, fat and nitrogen content one can dbtinguish a slow ptme of 
change (up to aiwut the 1 6th day of pregnancy) and an accelerated phase during the last 3 
days of pregnancy. 
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n. Changes in celtularirv. — The rh'*»»o»* tn ur«inK« .u» .-»-t .. 

seen to be the resu! 
change in tissue me 
per unit of we/ght 
fat and water contw4.» ^ ■ 

Jaicr part of pregnancy ar ■ ■ , • ' 

tration, the total number « 

in a ^ple from a sucrosw-CaC-i, uuuwgcniKe wete counted m a hemacytometer and the 
number of nuclei per mg. of wet tissue were multiplied by the total weight of the mamma? in 
a mouse. > 

^ i^3jorit;^of samples, the sucrosc^CaCl, homogenate was also used for DNA 

-y , , .... . I 


leagtm. nw uiiour svas read at 60U m/i m a SP 500 Unicam Spectronhotoroetcr and coml 
pared with a DNA. standard. 

Fig. 2 shows the great increase in total cell numbers from about 30x 10' in a virgin breast 
to a masimum of 450 x I0< at around the 4lh to 6lh day of lactation. The increase in ceils 
IS ereater fabout fifij^n-fold^ ib.m »v m r..... yy. .■ — i. 


not used by the litter. 

pr I.—"** '» *.».< .. 

thc€ 

duri . . • • • 

on r % • • • . • t ... •;v, ; . . . 

(19S- , I . • , 

DNa'"v ' 

of th • . , • . • 

^The^ries here reported sup^rts^lhe ohservanons that the momm® continue to 


However, Turner has stated that in mice ibe hyperplasia of the mammary gland parenchyma 
is complete by the 12(h day of pr^ancy (Turner and Gomez, 1933) and that in rats the 
amount of DNA content In the inguinal breast pads has reached a maximum at about the 
Khh day of pregnancy ofier whidi it remains level until the time of weaning (Kirkham and 
Turner, 1953). No explanation can be offered for these differences, except that they may 
^ due to differences in strain and species. 

in. C/ian^fj in xanihine oxidase activity of mammary tissue, — ^The xanthine oxidase 
activity of the homogenate was determined by measuring the rate of uric add formation. , 
The rate per mg. of wet tissue was related to nuclear count, defatted dry matter and total 
nitrogen per mg. of wet tissue; thus eliminating the variations introduced by the changes in 
water and fat conleot of the mammae during pregnancy, lactation and involution. 


suoruy oeiorc pariuriiiou ; tms aeiivny dn>^ precipnousiy iu_ auoui nati uus 


eaning. 

(rogen) 


The peak in enzyme activity /ust before parturition is surprisingand needs further comment. 
IV. Xanthine oxidase activity in milk. — One of the earliest and richest 
enzyme is cow’s milk. It was therefore essential in this investigation to evaluate the effect 
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of mouse milk on the determination of xanthine oxidase in mamms of mice during late 
pregnancy and lactation. It was noted that in some mice the mamms were completely 
filled with milk, appearing engorged and white, whilst in other animals of the same day in 
pregnancy or lactation the mamma: were entirely pink and presumably containing not so 



Fio. 3. — Xanthine oxidase activity in mamnue during the rtproduaive oele. 


niuch milk. However, there was no consistent or significant difTcrcncc in the xanthine 


Tabli 1. — CoMBAiusoN OF XAvnuM! OxiDASE Acnvnv rN Mamma: CovTArsiNo 
DtfTtJiEST Amounts or Miuc 

MicTomoJes(x JO-*) of 
Amount Nuclci/mg- xanthirie oxidircd/ 
of milk of T»et minute per 

Weight rrmoxed linue mg. 

Tmuc Appearance (mg) (ml.) (x 10*) wet weight I0*nucJn 

hf^unadjof White: engorged UIO OO ISI 32-3 2M 

the rithi Tide with milk 
(control) 

®74«,PaJfof Entirely pink FOO OJ4I IM 39 2 :i-3 

tlx left Tide 

("nuUred**) 


(• 173 ) 




when compared to the left manimaj. 


■ per nudeus white the activity per mg. of wet tissue is 
the “milked** mamms. Had the milk contributed to 
u!d have expelled the homogenate of the right breast 
ily per nucleus and to have the same activity per mg. 


At this point it should be pointed out that the tissue homogenate is cenlrifueed at 
20,000 X for 30 minut — . ... 


anasinesia l ml. ol Pjlc^ contatning one inlem^tional oxytocic unit was injected 


■ I....!. 4.1VUUUUU11 11U4U1JI uiiulu tile uizyiiK. dbtivii) ^uis IS lu cuuuast lu tne 


Tabu II. — Effect of Incobattok and Oentiwfuoation upon toe Xanthine 
Oxidase Acrmry of Breast Tissue and Mouse Milk 


Material 

Centrifugation 

Micromoles (x 10-*) of xanthine 
oaidized/min /mg. wet weight 
No incubation Incubation 

Mammary tissue 

600 X g; 10 min. 

21 3 

49-S 


20,000 X g; 30 min. 

— 

47-7 

Milk 

None 

17*5 

18 6 


20,000 X g; 30 min. 

— 

00 


tissue homogenate where enzyme activity is inaeased by incubation but not materially 
altered by centrifugation. 

•pm, j- *.» r- --u-a “-.tijf 


I •••:• 


Tabu nr.— -X antwine Oxiadse Acnvmr in Moctums of Maiumary Tissue and Mouse 
Milk after CENTBiruoATtoN and iNcuBAnoN 

Mamm 

Preparation 
No. 

1 

2 

3 

4 

5 


Mammary 

Mouse 

Tissue 

MicromoJesfx 10**) 

Enzyme activity 

tissue 

Milk 

concentration 

of xanthine oxidized/ 

as perctntagt of 

(g) 

(g.) 

(%) 

min /mg wet weight 

I^paraiion Ho. 1 

0-3751 

00 

100-0 

47 7 

100 -0 

0 1441 

0-0658 

68S 

34-2 

71 8 

0-1009 

0-1044 

53-5 

24 6 

51 '5 

0-0350 

0 1494 

269 

91 

19-1 

0-0 

0 3712 


00 

00 


{n terms of the tissue enzyme alone. 
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of mouse milk on the determination of xanthine oxidase in mammse of mice during late 
pfcenancy and lactation. It was noted that in some mice the mammx were completely 
filled with milk, apj^aring engorged and white, whilst in other animals of the same day in 
pregnancy or lactation the mammx were entirely pink and presumably containing not so 



Fio. 3.— Xanthine owdasc activity in nutnmx during the reproductive cycle. 


much milk. Hos^ts'cr, there was no consistent or significant differtnee in the xanthine 
oxidase activity cither per untt of weight or pcrccll between the homogenates from presumably 
**mUfc-rich” and "mtik-poor** mammx. In order to follow up this observation a mouse on 
j«-. e.i V ‘s *r; f"-— 

... I, ,• .1 ^ .'i'" 

t ■ ■ V f . ,■■■ * ‘ ; '.'s f* * “ : j ■ s '■ !.'• s 's f !. * V ii . 


Tapu I — CoMPAxrsoN or XAmniist OxipAse Acnvnv in Mawmc CovtAtvMa 
Di»TT»i?<T Amounts or Miuc 




Weight 

Amount 
of mfik 
rrmoNTd 

Niirtri,'mg. 
of wet 
tinuc 

MkromolcifN lO-Oof 
xanihinc o*Wt/ed; 
minute per 
mg. 

Tmue 

Appearance 

(n>g> 

Cm!) 

{X 10-) 

wet weight 

10* nuclei 

nrcAil pad* of 
the fijSt »»de 
(oontroh 

Wr'huc. enrorged 

Wjth TTMtX 

UlO 

00 

fSt 

32-3 

2I«4 

tUrail psdt rd 
the kft »ivSc 

I mirety pink 

fOO 

0»1 

iu 

39 2 

21-3 





FiQ. 4 —Xanthine *• ■* . . • . . , •• • •• ■ 

low tumour strain (C . • • . , 

(C+) with milk facto * • 

(C4-) mice; 24 animal , J , 

\y Xanthine oxidase a^UUty in her /umoww.— These expcrimems were performed in 

' ■ . r* r ’'. •• • ' ^ ‘ ‘ • mours in rats by means 

. ' •• • *’•* I , are presented In 

! M ' '' ■ •' * ■ ' ■ • ■ the enzyme activity is 

expressed per mg. of wet tissue. Because of the small number of observations a statistical 
analysts of the difference of the means was not performed, but (he graph reveals no overlap 
of the individual values comprising each group. 

There is good agreement between the observations here reported and (hose previously 
published involving different techniques of assay, different strains and different tissues. 


1 



Weller (1956) was able to show by an ingenious hisio-scrological technique the loss ofahver- 
specific antigen during azo-dye carcinogenesis. However, p-g!ucuronidase has a higher 


-1- p .• • , .t . 't -in., J-A c .U„ miilc frOfT| 


Growth in the case of the tumour means no more than cell multiplication resulting in an 
increased tissue mass, whereas m the mammte there is also a change in function besides the 
increase in cellularity. Since growth can proceed without an increase in xanthine oxidase 
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btta'U TnstM t • frur *nit; Iv'n.vjf* i« I'-.ti in rf ‘ «i»|r n rr^cr 

In tT>?5trau in the crrjmr in IV No't. iV ur.U :nc r»»JiWr ictmti »n fottn rf f anJ 
C4 fr»« don not di'^rt frjirj»aJ!> TJ »» t« in I nr 'niih ||< eWr' ati<*n ttut iV h'tt 
conuim ftlalj'rJy imsTJ anvmf'it rf tnOV armi lli»»r»<t, I trr' sf’J Sffi’np t ' fi’'>fHj a 
matTfd iJifTfrcncc in t3hlJ'.tf»cmid»»c 8CTf*»ij rf l4»r« ff4»fn fn^c ^nl) a fny '> and mkx « iih 

# low incxlmcc of Inrait iw'tw'jjt, iV CM! ami JK «u*in» lut iV t!<n‘fn rf 

their ctpcfimcnt maVr» it diJT<uti to dfOtSc wfjcihcr tVih^Tcffrioc «n cnf>n^ acti'iij rrtVriv 
» dilTcfmct m cjnctf'tii'CTpt'hiliij’ ct m c*'n»t»tirt»m. 

The tunvHjn uved fanfsd firm 0 5 fiaiw h> T O jtamv and ctvjtd V Into 

tirni ttvy and u>fi, hTmrnhJi’ic ptirrSnh lumnon lHc> '*efe all adenr- 

camn^ai hut »hn»rd larjing iSciftc* pf iltdiffcrtimalirn lor purpovnt rf tt*eB'«> 
ncewite malmat i»ai avptdcJ, wai no ti^lficani difTcrcncc In tV m/>'mc acti'ifv 

of the difTcirw kind' of lumoun, l-ach averafc enammjry cancer cell pm^ciMn Pnr-frutth 
IV aanthine oxidate actiMty containrJ In the av^rar* noimiJ mammary cell and onc-half 
the activity prc«nt m a prccanccrooi brrait cell fa cell Inftctei! with the milk ajxnj). 

Since there li roitathticallytlpnifWanfOinefencc loibcceMul.irilyf'fhre.nti from ilrpln mice 
of theC-t and C- *inilo. h li concluded that the aanihinemnlaioacthity it Irmcr^ to the 
precanccroui jtstc, whether e*prev»eil ai enryme eooceniraljon facthlty per mg.) or ai 
eonteni {activity per cell). 
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Xanthine Oxidase Activity during 
Mammary Carcinogenesis in Mice ' 

•Some h>puthetical and empirical considerations 
that fonn the basis of our interest in xonthino oxidase 
have been stated in the first of a senes of publica- 
tions'. The lAvestigationa of the chemical properties 
of xanthine oxidase*-^ have been extended to in- 
clude the biological behaviour of this enzyme in 
normal and abnormal growth. The present com- 
munication deals with the xanthine oxidase activity 
in mamma) of mice of the C strain, with and without 
the milk factor, and in spontaneous mammary 
tumours. Tho studies of the enzyme activity in 
mamm» during pregnancy and lactation will be 
reported elsewhere. 

The mice of the C strain without the milk factor 
will be referred to as C — . A sub-lino of these mice 
(C + ) was developed by incorporation of the milk 
factor through foster-nursing. The tumour incidence 
in C- virgins and breeders is practically nil, whereas 
the tumour incidence m C + mice, while low in virgbw, 
rises jirogressively ’to 100 per cent with tho number 
of pregnancioa. Tho spontaneous mammary tumours 
assay^ were obtained from the C + breeders. 

The tissues >7cre dispersed in a Potter-EIvohjem 
typo of homogenizer with a Tedon pestle. The sus- 
pension medium (in the proportion of 9 ml. /or each 
gm. of tissue) for tho enzyme assay was 0*1 M 
pyrophosphate buffer (pH S) and for the nuclear 


and the clear supernatant was removed, avoiding 
the upper layer of-fat, and incubated for 1 hr. at 
37" C. 

The enzyme assay*, a modification of Kolcker’s* 
method for determining purines, consisted in tlie 
speotrophotometrio eatimatioa or the rate of appear- 
ance of uric acid in the presence of xanthm© 
(2-6 X 10-‘"Af) as the substrate. Readings were 
obtained for 10 nun. at 1-min. intervals at a constant 
temperature of 24® C. The enzyme activity was 
related to the cellularity of the tissue by dividing 
the activity per mgm. by the number of nuclei in a 
mgm. of fresh tissue. Tho nuclei were counted in a 
h»mocytometer after suitable dilution of tho sucrose- 


nro statistically highly significant, the P value bemc 
less than 0*001 by the /-test. . 

It ia of interest to mention that the xanthine 
oxidase activity in mamma) from multiparous, 
cancer-prone (7-h breeders, whether they have or 
have not yet developed mammary carcinoma, is 
practically the same as in mamma) from C+ virgins 
which Usually do not develop tumours. No appre- 
ciable difference in xanthine oxidsee activity could 
bo detected in livers from C— and C+ nuce In 
contrast to the progressive decrease in the activity 
of xanthine oxidase associated with the events which 
predispose to and finally result in abnormal growth 
(Fig. 1), it was found that during pregnancy tho 
enzyme activity in the growing breast pads of C + 
mice increased markedly. 

Tlie interpretation of the results shown in Fig. I is 
ns yet difficult, since a number of conditions must be 
considered which need clarification. The activity 
measured by enzyme assays tn vitro does not 
necessarily refiect the biological activity within tho 
intact ceil, since such limiting factors as substrate 



Kw. I Xsothipe oiJdase setivify during 
b»«a»V. A. Virgin bt*»rt from lon-tumota itrnln (C-) 
milk factor; 8S animal* J3. Virgin breast rrem 
attain (C+) wltb milk factor: 60 animals /«* of 
C, Spontanrou* mammary tuTnour from maiM iut; ■ 
84 animals. (Dotted line Indicates ± S D ) 


calcium chloride homogenate in a solution of orcem- 
light green stam. 

The results are summarized m Fig 1, which showa 
the group averages and standard deviations of the 
enzyme activities m mammie from C— virgin mice 
(group A), from (7+ virgin mice (group B), and in 
mammary ttimours from C+ breeders (group C). 
Tho amount of xanthme oxidized (or uric acid nppeer- 
ing) in micromoles x 10-* per mm. per 100,(K)0 nuclei 
18 7*2, 4*1 and 1 *8 for groups A', B and C, respectively. 
Relative to the xanthine oxidase activity m breasts 
from mice without the milk factor (group A), the 
activity in mammary tissue from xmee with the milk 
factor (group B) is 57*7 per cent and in spontaneous 
mammary tumours (group O] 24-9 per cent. The 
differences of the average levels of enzyme activity 


concentration, tho nature and concentration of 
octivators and inhibitors in vivo are not kno • 
Moreover, the activity per cell, as here expreffieo. 
an nveragB Value for aU cells m the homogenaW am 
does not reveal localized changes in enzyme 
A spotty distribution of foci of cells with ° 
enzyme activity surrounded by normal ceils 
be possible and hos been reported for antigeni 
constituents*. Furthermore, it should be 
that, although the C- ®Sn^thm 

' , . tfferenco. 

, , I . • . 'tivity in 

. *• I . it bo due 

mammas oi group A aim ^ in*. 1/ j ® 
solely to the incorporation of the milk factor- 
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Fio. 5.'~Xanthine oxidase activity during caremogertesis in rat liver, a, Normal tivei from rats 
on normal diet, s, Tumour*ffee liver from rau fed azo^ye for a short period, c, Liver tumour in 
rau fed azo^ye. (Dots indicate individual values.) 

activity per ceU, as ia the mammary tumour, or even in the virtual absence of this enzyme, 
I- . 1 ...., ..i., ' — -f.L-. .V.. -namm* is best related to 

• ■ ■ • • f ....... ... . .. . ' , a product so rich in this 

■ ' ■ . , * • , . • cell of origin is the same 

for the lactating mamma and the mammary cancer, the failure of the tumour to increase its 
level of enzyme activity is just another expression of the loss of spedaliicd function of this 
dediiTcrentiated tissue. 


«i. v*./.*!) biol. Cfiem., 


press 

WasON, M.E H9S*}Arch.B!0chem.,4$, 



uia of tho drug into othonol, v-hich was then involved 
m bH^thefcic ructions. 'Ili^ view was confimied 


MODE OF ACTION OF ALKYLAT- 
ING AGENTS: FORMATION OF 
S-ETHYLCYSTEINE FROM ETHYL 

^^"^^^NESULPHONATE in vivo iilwratod by byiirolysia of all the mjectoii ^2 
By Diu J. 1. ROBERTS anti Da. G. P. WARWICK was found only in ftraiiiD-scids and 

Chester fieatty Research institute, Fufham Road, 

London, S.W.3 


llw bulk of the radioactivity tvos shown by auto- 
iiwliogrophy of one dimensional paper chromatogroins 
to bo pccBcnt in two sulphur-containing acids, one of 
whiclt is S-othyl-K-ocetylcystomo (U; i?=U0CH,) 
(uid tho other possibly the keto acid (111)*. Auto- 
radiography of two-dimonsioiial chromatograms of 
urmo hydrolysed with acid indicated tliat almost all 


T:) 

cater' • 

have , ■ , •* . . 

compoiinda eticli oa amino-acida, protoina ond nucloio 
ocida, and to inhibit certain entymoe* ; howovor, 

while work haa boon done on the fate of aorno of thoBo *.-**,. *..12 ui cwuiwuuu uw 

conipoujids'-', iittJo appoaps to bo known about tho oetabhidiod by its Itr value in four solventmixtuies, 
prociao natu^ of the motahuho products formed in ita doeomposition with hot alkali, and its behaviour 
ni’o. In tina connexion wo wWi to report tho pro- on ion oxchongo rosin ond deactivated chareoaJ 
limmaty results of studios wliicl] ore bolng named co/umns, in which feep< 5 cta it was identical with an 
out at this Institute to determine tho mode of action nutlienlic somiilo of S-otliylcystoine. 
of cytotoxio ugonta. In tho (Init uiatanco wo studied 


the radioactivity wag embodied in S-ethylcysteine 
(11; 'iho identity of this compound waa 


tho motaboho fato of ethyl rnothanosulphonato 
{CD. 1628) (I), ono of a aorioa of cytotoxic alkylating 
agonta atudiod by Hoddow and Itosa*. It boon 
aliown to havo eoma inhibiting oiToct on tho growth 
of tho transplanted Walker rat carcinoma 250 • and 
to causo mutations m Drosophila' tneUnKfgasUr 
(Fohmy, 0. Q., jWfsonal coramunication). It was 
regard^, tlioroforo, aa having proportioa suiBcientfy 
typical of tho biological alkylatutg agonta to warrant 
uws ptosont study. 

cir,,so,.o.c,i£4 

<11 

Although the bifunctional alkylating agonta nor- 
roally manifest some of their typical biological ofTocta 
at a^roximately 1/60 the concentration of tlie 
raonofunctional compounds’, it was felt that the 
number and complexity of reactions which they 
could undergo in vtvo would prevent a facile detenn- 
ination of the nature of the metabolic products 
formed. It is reasonable to suppose, however, that 
tho ntonofunctional alkylating agent chosen for these 
studies wo)dd undergo the samo initial metabolic 


c,ir,.s.cH, cir.cooH 

NILB 


C,H,S.CH,C0.(X)0II 


IV o other faint areas of radioactivity which gave 
brown colours ivjth ninhydrin m the presence of 
dieyclehexylamino were also present on this chromato- 
gram. These areas appear to be identical with two 
such now brown spots whicli oppoarod on a similarly 
obtained chromatogram of uruie from rats injected 
With unlabellod S-othylci'steine, and may Oiereion* 
bo presumed to bo derived from it, possibly by a 
transethylation reaction. 

No evidence lias been found for the presence m. 
the urino of labelled carboxylic or phosphono esters, 
or alkylated aminos (ammo-acids, purmee, etc.), wnica 
would bo fojTOod if tho drug reacted with *®*d3 or 
aminra in vivo. However, the possibility of taw 
being formed ia not precluded, smee they could be 
further metabolixed prior to eicretiwi- 

Tho formation m vivo of S-ethyl-N-acetf/cysteme 
(othyl-mercapturif otid) from ethyl methanwm- 
[dionate is tho first demonstration of Uie formsti 
of morcaptiirio acid front an ah^atic coiopoun • 
Previously mercapturic acids havo been shown to 
bo formed from a variety of aromatie compo^os 
such os the halogenobenzonos and the hydrocorbCM 
ontbrocooe and riaphthalene*. The hnport^ce 

a, ^ 'istar the formation of morcapturio acid from a* 

rats, and throe consecutive twenty-four hour eomplcs eompound is difficult to assess until some 01 m 
of urine wero oxamuicd using tho tecluiiques of paper more obvious experinjonta hove been ' 

chromatography with subsequent autorodiography Hthionuie (S-ethyl-homooysteine) has been snoi 
of tho paper chromatograms, ond ion-excliange to uihibit tumour growth”, possibly 
chromatography. ISporcentofthetotalrodioactivity ability to inhibit tronsmethylation reactions 
was excreted within the firet 24 hr., and 4 percent to interfere with protein synthesis”. . 
durmg tho next 48 hr. Negligible quantities were the tumour growth-uihibiting 

oxoreted from then on. This radioactivity ia oaso- cyateme and other S-subetituted cysteines w 

could bo formed from other cytotoxic 


roaction oa the difunotiomJ ones. 




the 

rnop 

waa 

iltliy 


elated with new compounds, since any unreacted drug 
or volatile material present in the urine would not 
be detected by the counting methods so far em- 
ployed. 

lYoces of the radioactive material excreted m the 
first twenty-four hours were shown to be incorporated 
into the amino-acida serine, alonme, and argmme, 
and into urea. It seems likely that radiocarbon was 
incorporated into these compuimds following bydroly- 
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could bo formed from other cytotoxic c 
^ing studied by Prof. A. Haddow, of tiua 
Work ia heme continued to detemimo 
S-othylcystome w formed only from 
oyateme, or whether reaction with tissue suiphyu^ 
gCQupa ia impUcated**, and possibly 
the observed biological effects. Deaction with 
aulphydryl groups is likely to occur on the bae 
the reaction demonstrated between other alky 


\VhUe the above considerations must be borne in 
mind and will lead to further experiments, tho 
present ;.re8ult6 indicate a -progreasive decreaae of 
xanthine oxidase activity during carcinogenesis in 
the mammse of mice carrj’ing the milk factor. This 
observation is similar to the one by Westerfeld el al.*, 
who noted a decrease of xanthine oxidase in livers — 
as yet free of tumours — from rats fed a carcinogenic 
azo'dye. The gradual depletion of various oUier 
intracellular constituents m liver during azo-dyc 
carcinogenesis hsis been reported and the degree of 
loss has been correlated with the degree of carcmo. 
genicity of the compound’-*. Thus, the gradual 
decrease of xanthine oxidase activity during the 
changes of the nonnal tissue to a precancerous and 
eventually to a tumorous condition may be a further 
instance tending to support the deletion hypothesis 
of carcinogenesis’*'**. 
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vestigation, which was supported by grants to tho 
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British Empire Cancer Campaign, the Jane Coffin 
Childs ISemorial Fund, and the National Cancer 
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STRUCTURE-ACnVITY RELATIONS IN TWO NEW 
SERIES OF ANTIFOLIC ACIDS 
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ANTihOLic acidsf arc clinically useful Jn acute leukaemia (aminopterin, 
A-melhoplerin) and in malaria (proguanil, pyrimethamine); but amjnop- 
terin and its relaUvcs possess Ihc disadvantages of producing severe 
side-effects and of evoking drug-resistancc\ which latter can also be a 
problem with the antifolic anlimalarials^ It therefore seemed useful to 
search for new types of antifolic acids, which might allow the development 
of additional therapeutically useful substances, not cross-resistant with 
existing types. Taking the 2:4-diaminopteritiines known to possess 
very high antifolic acid activity in various bacterial systems®"* as a starling 
point, two scries of compounds— the aryl-azopyrimidines and S-azapurines 
—were prepared and investigated. Since both scries were readily varied 
chemically, they allowed structure-activity relations to be explored in some 
detail. In the account that follows the chemical and biological investiga- 
tions are described in separate sections and the results then brought 
together in a discussion of structure-activity relations. 

This work was started in (he Autumn of 1953, and some of the com- 
pounds were described® at the International Chemical Congress in 1955, 
where conversation with Dr. E. J. Modest revealed that somewhat later 
than ourselves he had prepared and begun to examine some similar com- 
pounds. Arrangements were made with Dr. Modest for simultaneous 
publication and a paper by himself and his colleagues* appears alongside 
our own. 

Chemical Section} 

Introduction 

Antagonists of folic acid in bacterial systems have been found by various 
workers amongst the following simple derivatives of 2 : 4 -diamj‘noptcri- 
dine; 6:7-diaryl- (I, R' = R' » aryl)**‘, 7-amjno-6-aryl- (I, R’ ®= aryl, 
R* = NH8)® and 6; 7-dialkyl- (I, R' = R' « alkyl)*-®. As a further 
simplification of structure we first made 2: 4-diamino- 5-4'-ch!orophenyl- 
azo-6-dimethylammopyrimidine (If, R =« Cl) (No. 24) since this wouldexist 
in the irans form** (as shown) and would therefore show some spacial 
simiiarity to a 2 ' 4 -diamino- 6 -cWorophcnylpteridine. The chlorine 

• Present address Research and Development Establishment, JirUish-Amcncan 
Tobacco Co Ltd , Regents Park Road, SouUiampton. 

t The term antiftrfic acid is used to refer to an anfagomst of any vitamin of the 
folic acid group 

t By G.M.T, and D.G I F. 
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agents, such aa the sulphur mustards, and proiein 
eulphydryl groujfw undeir physiological conations'*. 

ns • 

ch ^ I I i 

dimesyloxybutane (‘Mylotan’) and p-N,N-di-2'- 
chloroathjrlanunophenyibutyric acid (OB. 1348), ace 
in progress. Preliminary results have ahovm that in 
some cases additional eidphur -containing compovtndB 
are excreted in the urine. 

Further consideration of the above finding could 


inhibits the growth ot the transpiantou \ruiKor nu, 
carcmoms 256 *and is atypical of meeyloxy compounds 
in its mutagenic effects on Broi^pAtla rruJonoffiuler**. 
ItescUon with cysteine in vivo in an analogous 
manner with that found in the case of CB. 1623 should 
in the first instance give S-chloroethylcysteme (V) 
(or a derivative), a monofunctional sulphur mustard. 
Full details of this work will he published olaewhore. 

Cl CH, CH,.O.SO,.CH, CJ.CH,.CH..S.CH, CH.COOH 

NH. 

(IT) (V) 

This investigation was supported by grants rood© 
to Ihia Institute from the iJtiUsh Empire Cancer 
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G. M. TIMMIS AND OTHERS 

In order to observe the effect of changing the position of the ary! 
substituent in the S-azapurine scries some P-aryl derivatives were made 
9-Phenyl-2-amino-S-atapurinc (Vlf, R' = H, R' = Ph) was sytithcsiseil'. 
from 2’aminD'4‘Ch]orO‘5'n}tropyrimidine by condensation with aniline to 
form 2-amino-4.aniHno*5-nitropyrimidJrte, reduction, and ring-ciosure of 
the 4 : 5-diamine by irealmetil with nitrous acid. Similarly were prepared 
the p-chlorophenyl analogue (VII. R' = H, R* « C^H^CKp)) and the 
6-methyl derivative (VII, R' = CHa, R'^Ph). 


NH, 

Ay''' 

T’ 

R' . 

/.NiN-R 

CH, 

1 1 

R'AN/\nh. 

(I) 

m 

(HI) 

R‘ 

R' 

R' 

,a!c>- 

/V""- 

fV% 

((V) 

(V) 

(VO 


R' 



(Vtl) (VIII) 



(IX) (X) (XI) 


From structural analogy, the two pyridine-containing structures V/II 
and IX were potentially interesting especially since the benzencazo 
analogue of IX (2-benzencazo-2:6-dianiinopyridine, “Pyridium”) is a 
powerful bactericide. These compounds (Nos. 66 and 60 respectively}, 
which were synthesised by methods exactly analogous to those used for 
the azopyrimidines and Siatyl-S-azapurine^ were inactive. 

6-Thio-8-aryJ-8-a2apuriocs were made by thiation of the 6-hydfOxy 
analogues with phosphorus pentasulphide in boiling pyridine solution. 

2:6-Diammo-8.'azapurine (VI. R'« NH*} (No. 65) made according 
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TWO NEW SERIES OF ANTIFOLIC ACIDS 

substituent in the benzene ring was selected in the hope that it would have a 
favourable effect because of the marked enhancement of antifolic activity 
in the 4:6-diamino-l-aryl-l •.2-dihydro-5-tria2ines by the introduction of 
halogen substituents in position 3' or 4' or 3' and 4' of the benzene ring“. 
The discovery of antifolic activity in the azo-pyrimidine (II, R = Cl) en- 
couraged further exploration using a diethanolamine- and morpholino-, 
instead of the dimethylamino- substituent but when it was found that much 
greater activity arose from using an unsubstuuted amino group the series 
III was explored in detail. In the pyrimidine ring, variations involved 
the hydroxy, amino, Ihio, chloro and 4'-chlorophenyIth!o substituents and 
in the benzene ring chloro, bromo, nitro, methoxy and ethoxy substituents 
were used. In plape of the benzene ring naphthalene and quinoline were 
introduced. Since amino-aryl-azopyrimidines (III) are, in general, 
easily oxidised to 8-azapurines'* (IV) it was thought that this conversion 
might occur m vivo and that the 8-azapunnes might therefore be active. 
Many active compounds were found in this series but (he evidence, given 
later in this paper in the discussion of structure-activity relations, is against 
the hypothesis that the aryl-azopyrimidines owe their activity to this 
conversion. The 8-aryh8-azapurines were all made by a general method^ 
from the aryl-azopyrimidines (111) which were usually synthesised by the 
method^* of coupling the appropriate pyrimidine and aryl diazonium salt. 
The azo compounds were oxidised by copper sulphate in boiling pyridine, 
the yields being greatly improved by passing oxygen through the reaction 
mixture. Azo compounds containing a tertiary amino group in the 4- 
(or 6-) position of the pyrimidine, e.g., II, were made by reacting the 
appropriate chloro-aryl-azopyrimidtne (X) and secondary amine. 

The dimethylamino derivatives (U, R = Cl and NO,) were also formed 
by reacting the chloro-pyrimidines (X, R' = Cl and NO?. R' =* Cl) and 
guanidine in a mixture of ethanol and dimethylformamide, respectively 
under hot and cold conditions. Presumably the reaction of dimethyl- 
formamide and guanidine liberates dimethylamine. From X, (R' «= 
NOj, R' s= Cl) in this reaction there is also formed 2'4'diamino-6- 
ethoxy-S(4'-nitrophenylazo)pyrimidine (X, R' = NO,, R' = OEt) but 
none of the corresponding ethoxy derivative could be isolated from the 
chlorophenyl analogue (X, R' = Cl, R' = Cl). From X, (R' = Cl, 
R' = Cl) and hot 2-ethoxyethanol m the presence of guanidine the 


type of reaction. When 4 . 6-diamino-2-thiopyrimidine was coupled with 
p-chlorobenzene diazonium chloride the desired 4;6'diamino-5(4'- 
chlorophenylazo)-2-thJOpyrimidine (XI, R = SH) was formed in small 
yield, the major product (XI, R = SC,H 4 Cl (p)) having been formed by 
coupling with two mols of the diazonium chloride. Previously'* 2- 
thiouracil and 4-methyl-2-thiouracil have been coupled with this diazon- 
ium chloride but yielded only the product derived from two mols of the 
reagent; in our case the 4.6-diamino groups therefore appear to direct 
the coupling to the 5-position more strongly. 
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of dimethylamtne (33 per cent, 3 ml.) and the mixture was heated under 
reflux at 100'’ when the azo compound passed into solution. After one 
hour, water was added to turbidity and the solution filtered. On cooVing, 
the solution deposited dark maroon crystals with a green lustre (0-87 g.)] 
which after recrystallisaiion from aqueous 2'ethoxyethanol had m.p! 
252 to 255”, undepressed on admixture with a sample prepared according 
to Method 2. 

Method 2. 2 ; 4-Diamino-6*chloro*5(4'.mtrophcnyla20)pyrimidjne (1 
g.) was dissolved in warm dimethylformamide (20 ml.) and treated with 
a solution of guanidine (prepared from guanidine hydrochloride (0 95 g.) 
and sodium (0-23 g.) dissolved in ethanol (20 ml.), with removal of the 
precipitated sodium chloride). There was an immediate precipitation 
of crimson solid, which was allowed to stand overnight. The precipitate 
(I g.) was then collected and fractionally crystallised from aqueous 2* 
ethoxyethano! to yield: — 

(() 2:4-Diattut(0‘6-JimethyIamino-5i4’‘nUrophenyla2o)pyrmidfne. This 
formed the less soluble fraction and recrystallised from aqueous 2-ethoxy- 
ethanol as deep maroon leaflets with a strong metallic green lustre, m.p. 
252 to 255*. (Found: C, 48 0; H, 4-6; N, 37-45; C«H;^0,N, requires 
C, 47-7 ; H, 4-6; N, 37-1 per cent). This was sparingly soluble in dilute 
hydrochloric acid and on examination in ultra-violet light, the solution 
had a light blue fluorescence. 

(ii) 2\A‘DiaminO‘(y-eihoxy‘Si4’‘mtrophenylazo)pyriimdine. This was 
prccipitaicd on dilution of the mother liquors from which (i) had sep- 
arated. ft recrystalliscd from aqueous 2-ethoxyelhanol as deep orange 
needles, m.p.214to2l5^ (Found : C. 47-7 ;H, 4-6 ;N, 32-0. CuHiAN, 
requires C, 47-5; H. 4-3; N, 32-35 per cent). It yielded a sparingly 
soluble yellow hydrocMoridc with dilute hydrochloric add. 

2A‘DiamtnO'(i-nmphoHno-5{A''niirophen}'Jazo)pyrimidine (CB. 2270, No. 

22 ) 

2:4-DiamjnO'6-chloro-5(4'-nitrophcnylazo)pyrimidine (1 g.) was 

treated with dry morpholine (10 ml.) when the mixture became warm. The 
reaction was completed by heating under reflux for 10 minutes, and on 
cooling the mixture deposited red crystals. These were collected, washed 
with cold ethanol and recrystalh'sed from aqueous 2-ethoxyethanol to 
yield the inorpholmo compound as deep red prisms, m.p. 275® (decomp.). 
(Found C, 49-2; H, 4-60; N, 32-5. CtiHuOjN* requires C, 48-9; 
H. 4-65 ; N, 32-55 per cent). The compound had a pronounced golden- 
green metallic lustre. 

2 ; 4- Diamino-6-diethanoJamino-5i4'-mtroid)enylazo)pyrinudme (CB. 2271 , 

No. 23) 

This was pre{>ared similarly from the azo compound (1 g.) and dry 
diethanolamine (5 ml.). The diethanolanuno compound, obtains by 
dilution of the reaction mixture with water, cp'stallised from very dilute 
ethanol as deep maroon plates, with a metallic lustre, m.p. 211 to 212 
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to Cavalieri and others^S and S-azapurine (No. 64), made by ring-closure 
of 4;5-diaminopyrimidine, were synthesised to ascertain the , effect on 
activity of removing successively the aryl substituent and the amino ^oups 
from the diamino-8-azapurines. Both were inactive. 

T?' ■ ' ’ ‘ (No. 68) and 2 * 4 ; 5 r 6-tetra- 

\ , S' • »y Traube’s method, for antifoUc 

• , acts of the diamino-hydroxy and 

triamino-arylazopyrimidines respectively. Since both types of azo- 
pyrinudine are active, the fact that V (R' = OH)*® and V (R' = NHj)** 
are'respectively inactive and active, argues against the hypothesis that they 
might be the active forms. 

New compounds are indicated in the experimental section by italics 
and, in the Tables, by the absence of references to their preparation. 

Experimental 

Melting points were determined using an electrically heated copper 
block and are uncorrected unless otherwise stated. Samples for analysis 
were dried at 100“ in a high vacuum unless otherwise stated. Analyses 
were by Drs. Weiler and Strauss (Oxford) and by Mr. P. R. W. Baker 
(Beckenham). 

2iA'DiammO’6'ChlorO’5{4'-nitroph€nylazo)’pyrimidin€ (CB. 2297, No. 19) 
2;4-Diamino-6*chloropyrimidine (1*44 g.) in dilute acetic acid (3N, 
75 ml.) was cooled in ice-water and stirred and then treated with a solution 
of p-nitrobenienediazonium chloride (from p-nitranilme (1*38 g.)), freed 
from nitrous acid by treatment with excess of sulphamic acfd. A slight 
change in colour was noted. After stirring the solution for 5 minutes, 
it was treated with crystalline sodium acetate to bring the pH to 6-7 and 
stirring was continued for 5 hours, during which time a thick orange-red 
precipitate was obtained. This was collected, washed with water cop- 
iously, dried and recryslallised from aqueous 2-ethoxyethanoI to yield 
the azo-compound as scarlet needles, m.p. 298 to 299“ (decomp.) (Found : 
C, 38-7; H, 3-3; N. 31-4; Cl. 11-3. C,*H»0,N,C1. 1 HjO requires C, 38-5; 
H, 3-2; N, 31*5; Cl, 11*4. Found on a sample dried at 110“; C, 41-15; H, 
2-9 ; loss 5-8. CjoHaO,N,Cl requires C, 40 9 ; H, 2*7 ; loss, 5-8 per cent). 

2:A-Diamino-6-ch!oro-S{4'‘chIoroplienylazo)pyriinidtne (CB. 2298, No. 20) 
2:4-DiaminO'6-chloropyrimidinc (1*44 g.) in dilute acetic acid (3N, 
75 ml.) was treated w-ilh p-ehlorobcnrcncdiazonium chloride (from 
p-chloroanilinc (1-275 g.)) and the product isolated as above. Rccrystal- 
Used from aqueous 2-clhoxyclhanol, the azo-cornpound formed fine yellow 
needles m.p. 271 to 272“ (decomp.). (Found: C, 42-1 ; H, 3-1 ; N, 29-3; 
Cl,25-0. CioH.N.CI, requires C, 42-4 ;H, 2-8 ;N. 29-7; CI.25 I percent). 

2‘A-D!atnfno-6-dimclh}iamino-5{4'’nUrophcn}tazo)-p}rinudine (CB. 2269, 
No. 21) 

Medwd I. 2: 4-Diamino-6<hloro-5(4'-n5irophenylazo)-pyrimidinc (1 
g.) in dry 2-eihoxycthanol (40 ml.) was treated with an cthanoHc solution 
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(decomp.), (Found: C, 46'2; H, 5-J; N» 30-7, Ci^HtsO^Ng requires 
C, 46-4; H> 5-0; N, 30-9 per cent). It was very soluble in ethanol. 

2:4'DiaminO’5{4'-chloropheny!azo)-6-dimethylamino pyrimidine (CB. 2266, 
No. 24) 

Method 1 . 2 : 4-Diamino*6-chloro-5{4'-chlorophenyIa2o) pyrimidine 
(1 g,) in dry 2'ethoxyethanol (40 ral.) was heated under reflux for one hour 
with an ethanolic solution of dimethylamine {33 per cent, 3 ml.). The 
clear solution was then filtered and concentrated, and on dilution then 
yielded a yellow precipitate. This on recrystallisation from aqueous 
2-cthoxyethanol yielded the dtmethylamtno compound {0'6 g.) as long 
lustrous yellow needlps, m.p. 210^ (corr.), undepressed on admixture with 
the product from Method Z. 

Method 2, 2:4*Diamino-6-chloro-5{4'-chlorophenylazo)pyrimidine 
(0-5 g.) was dissolved in dimeihylformamide (10 ml.) and treated with a 
solution of guanidine in ethanol (from guanidine hydrochloride (0-675 g.) 
and a solution of sodium (016 g.) in ethanol (5 ml.), with removal of 
sodium chloride). The mixture was heated under reflux at 60 to 70® 
for 4 hours and then the solvent was removed under reduced pressure. 
Addition of water yielded a yellow solid which was crystallised from 
aqueous 2-ethoxycthanol to yield the 6‘dhnethylammo compound as 
yellow needles, m.p. 210® (corr.) or lustrous golden leaflets, m.p. 187 to 
188® depending on the rate of cooling. (Found: C, 49*3; H, 4-9; N, 
33-75; Cl, 12-3. C,jHi,N,CI requires C. 49-4; H, 4-8; N, 33-6; Cl, 
12‘2 percent), 

Careful search failed to reveal a second component (cf. above). 

2:4-Diamino-5i4'‘ChhrophenyIazO‘6iP'ethoxyethoxy))pyrimidme 
2:4-Diamino>6-chlorO'5(4'-chlorophenyIa2o)pyrimidine (0 5 g.) was 
added to a solution of guanidine (from guanidine hydrochloride (0-675 g.) 
and sodium (0-16 g.) dissolved in 2-ethoxyethanoI (20 ml.) with removal 
of the sodium chloride) and the mixture heated under reflux at 80® for 
three hours. Concentration of the filtered solution under reduced 
pressure at 100® and dilution of the residue with water yielded a yellow 
solid which on rccryslallisalion from aqueous 2-ethoxy ethanol (90 per 
cent) afforded the azopyrimidine as yellow lustrous silky needles, m.p. 
161 to 162®. (Found C, 50-1 ; H, 5-0; N, 25 I ; Cl. 10-6. CuH„OgN,Cl 
requires C, 49-95 ; H, 5 05 ; N, 25-0; Cl, 10-55 per cent). 

2:4‘Diamino-5{4’-chhrophenylazo)-6~ntarpholinopyrimidmc (CB, 2279, No, 
25) 

The chlorophcnylazo-6-chIoropyrimidine (0-3 g.) and moipholine 
(2 ml.) were heated together under reflux for one hour, cooled and 
diluted with water to yield a yellow precipitate. This, on crystallisation 
from aqueous 2-ethoxycthanoI, afforded the morphohno pyntnfdine as 
goldcii-ycUow lustrous plates, m.p. 221 to 222®. (Found- C, 50 7; 
H, 4-7. N. 289; Cl. !0-5 C„H„ON,a requires C, 504; H, 4-8; N, 
29 4 ; Cl, 10 65 per cent ), 
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2 : ^'iiionunchSi^'-chhropfiertyhzoy-^-^iefhanoIaminopyrwiidi/fe (CB. 2280 
No ' 

■ ■'•' * : * ' •' (I-O g.) and diethanoJamme 

(5fni.) *• ; 2 hours, cooJed and diluted with 

water. The resulting oilj i— . . Uised on being allowed to stand 
overnight and the solid, after crystallisation from very dilute ethanol, 
yielded the (liclhonofamino compound as orange brown prisms, m.p! 
160 to IS!". (Found: C, 48-15; H, 5-12; N, 28-25; Cl,’ 104. 

requires C, 47-8; H, 5-12; N. 27-9; Ct, 101 per cent). 

2:4: (f'Triamint}~S'ar}Jo:onYr{nii<iii7es 

mf » -y.j ^12^ moL) was 

. 

' I 

solution ol tijc 

ally prepared by dissolving the aryu.j...... . , re of 

concentrated hydrochloric acid (12 ml.) and water (20 nn.y, ng to 
0° and adding a solution of sodium nitrite (3-04 g.) in water (20 ml.); 
after 2-3 minutes, an excess of solid sulpbamic acid was added and the 
solution fiUered npidly through a chilled funnel under surt/on. Modifi- 
cation of the procedure was necessary only if the amine was too weakly 
basic to be soluble in dilute bydrochlofic acid. An extreme example was 
2:4:6-tribfomoanilinc, which was diazoiised as follows. The amine 
<6'6 g., 1/50 mol.) was dissolved in hot glacial acetic acid (79 ml.) and 
crystallised on cooling. The suspension of small crystals was added to a 
solution of sodium nitrite (1-54 g.) in cold concentrated sulphuric acid 
(10 ml.) and gave a pale yellow solution. This coupled normally on 
addition to a solution of iriominopyrimidine (2-5 g.) in water (500 ml.) 
and the product was coHecte-d after adjustment of the pH of the solution 
to 6-7 by the addition of sodium acetate crystals. 

Occasionally, despite the presence of sodium acetate in the solution 
before addition of the diazonium salt, the aao compound was precipitated 
as the hydrochloride. This could be converted to the base by boiling 
with aqueous p 3 fridinc. 

The 320 compounds so obtained arc listed in Tabic I. 

Other ^-aminQ'S'Orylarppynmitfines 

2 : ^•Diomifjo-Si4'~cf]f0raphenyfa2o)'6~hydrox}’pyrinudine (CB. 2288, No. 
27) 

2 . 4-Diamtno-6'bydroxypyrimidine hydrochloride (6-5 g.) was sus- 
pended in water (560 ml.) stirred with sodium acetate (42 g.) and filtered. 

A solution of /F-chlorobenKnc diazonium chloride (from p-chloroamline 
(5-1 g.)) was slowly added to the ice-cold filtrate with stirring and the 
orange-yellow precipitate was collected after two hours. It was crystal- 
lised from aqueous pyridine when a pyridine salt was obtained, which 
was decomposed by stirring with hot ethanol to liberate the azc^contpowd 
as a yellow micfocrystallme powder, m.p. 314 to 315° (decomp.). (Found : 
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C, 45-5; H, 3*5; N, 31*5; a, 13-Z 
3-4; N, 31-73; Cl, 13-4 percent). 


CioHjON^Cl requires C, 4S-4; H, 


2'.4-Dianmo^5(<i’-bromopheny!az<i)-6-hydroxypyrimidine (CB. 2336. No. 

28) 

This was obtained in a similar manner when p-bromobenzene^iazonium 
chloride was used. The azo-compound was purified by successive crystal- 
lisations from aqueous pyridine and aqueous 2'ethoxyethanol and formed 
yellow crystals. (Found : C. 38-9 ; H. 3-5 ; N, 27-3 ; Br, 26 0. C,oH,ON.Br 
requires C, 38-9; H, 30; N, 27-2; Br, 25-9 per cent). 


^'Amin(i-%{^’‘Ch}oTQphenyfa 2 oyi'€~dihydroxypynmidme (CB. 2313, No, 
29) 

4-Amino-2 ; 6-dihydroxypyrimidine (5-1 5.) was suspended in water 
and sufficient 2N sodium hydroxide was added dropwise to yield a clear 
solution. This solution was then cooled in ice, stined and treated with a 
filtered solution of p-ch!orobenzene diazonium chloride (from p-chloro- 
aniline (5-1 g.)). Glacial acetic acid was added dropwise to the mixture 
to adjust the pH to 5-6 and after the mixture had remained at 0® in the 
ice-chest overnight', the product was collected. It was purified by 
crystallisation from hot 90 per cent formic acid by the addition of water 
and the resulting yellow solid was dissolved in hot 6N ammonium 
hydroxide, the solution filtered and the product reprecipitated by neutral* 
isation using glacial acetic acetic acid. The azo'compound formed a fine 
yellow powder which was thoroughly washed by means of water, ethanol 
and ether successively. (Found: C, 45-15; H, 2-9; N, 26-2; Cl, 13-2; 
QoHsOjNsCI requires C, 45*2; H, 3 0; N, 26-4; Cl, 13-4 per cent). 


2'A-Dianun(hS{A’-chforophenyIazo)pyrimidine (CB. 2329, No. 30) 

This was prepared as described by Brown”. It formed yellow needles 
from aqueous 2-clhoxycthanoI, m.p. 282 to 283® (decomp.). Brown 
(foe. cil.) gives m.p. 271 to 272®. 

^AminO'S{A'’chlorophenyIazoy-^hydroxypyrimidine (CB. 2304, No. 31) 
A solution of 4-^lorobcnzenzcncdiazonium chloride (from p-chloro- 
aniline (10-2 g.)) was added slowly with stirring to a filtered, ice-cold 
solution of 4-amino-6-hydroxypyrimidine (8-82 g.) in water (850 ml.). 
The pH of the reaction mixture was adjusted to 5^ by the addition of 
cfysialline sodium acetate and the product collected after a period. 
Recrystallisation from aqueous 2-cthoxyethanol afforded the azo-coni' 
pewndas orange needles, m.p. 300®. (Found: C, 48-6 ; H, 3-3; N, 27-8; Cl, 
14-1. CiaHjONjCl requires C, 48-1 ; H, 3-2; N, 28-1 ; Cl, 14-2 per cent). 

A‘.6'DianiinO‘5{A'-chlorophenylazoy2-thiopyrwudine (CB. 2292, No. 32) 

and 4 : 6'Diamino-S(A‘-cMorophef}ytazo)-2{4'-chlorophenyUhio) pyri- 
midine (CB. 2290, No. 33) 

A solution of 4-chlorobenzcncdiazomum chloride (fromp-chloroamhnc 
(5-1 g.)) Was added slowly to an ice-cold, stirred solution of 4 : 6-diamin(y 
2-thiopyrimidine (5-68 g.) in dilute hydrochloric acid (O-lN, 500 ml.). 
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On adjusting the pH to 5-6 by the addition of crystalline sodium acetate, 
a slow precipitation of yellow solid was observed. This was completed 
after the mixture had stood overnight at 0^ Tlie product was extracted 
with boiling ethanol and the hot filtrate diluted with water to yield 4:6- 
diamino-S{A''Chhrophenylazoy2-(4'-chhrophenylihio) pyrimidine as yellow 
feathery needles from aqueous ethanol, m.p. 211 to 212°. (Found; 
C. 49-3; H. 3-0; N, 21-35; S, 8-35; Cl, 17-6. CwHuNeSClj requires 
C, 491 ; H, 3-1 ; N, 21-5; S, 8-2; Cl. 18-2 percent). 

The residue from the ethanol extraction was crystallised several limes 
from aqueous pyridine and afforded 4 : 6'diamino-5 (4'-chIorophenylazo)- 
2-thiopyrimidine as yellow needles, m.p. 278 to 279° (decomp.). Found ; 
C, 43-2; H, 3-1; N, 29-7; S, 11-3; Cl, 13-0. CioH^NgSCl requites C, 
42-8; H, 3-2; N, 30 0; S, 11-4; Cl, 12-7 per cent). 

^'(t'Diamino'5{A'-chlorophenylazo)pyrimidine (CB. 2287, No. 34)- 

4: 6-Diamino pyrimidine (4-4 g.) was dissolved in dilute hydrochloric 
acid (500 ml. 0 04N) and coupled by treating it with a filtered solution of 
. 4-chlorobenzcne diazonium chloride (from p-ch!oroaniline (5-1 g,)) in 
the usual manner. The addition of solid sodium acetate to the reaction 
mixture afforded a precipitate which was collected and recrystalHsed 
from aqueous 2-ethoxyethanol when the azo compound was obtained 
as flat yellow needles, m.p. 299 to 300° (decomp.). (Found: C, 48-6; 
H, 3-5; N, 34-0; Cl, 14-25. Calc, for C,oH»N,Cl: C, 48-3; H, 3-6; N. 
33-85; Cl, 14-3 per cent), Lythgoe, Todd and Topham“ give m.p. 
301-to-302° (decomp,). 

The preparation of 2 : 6-diamitio-3(4'-chlorophcnyIazo)pyridine is given 
at the end of the experimental section, 

^'Aryl-Z^azapurines 

With the exception of the few members noted below, which include 
a I-deaza-8-azapurine (No. 60), the compounds of this series were all 
prepared in the following general manner. 

General Method of preparation of Z-aryl-azapurines 

The corresponding azopyrimidine (4 g.) was dissolved in a mixture of 
pyridine (100 ml.) and water (100 ml.) containing copper sulphate (10 g.). 
When the azo compound was insoluble in this mixture either a larger 
proportion of pyridine was used, e.g., 200 ml. pyridine to 100 ml. of water, 
or else a larger volume of mixed solvents in I : I proportion. The mixture 
was placed in a three-necked flask equipped with reflux condenser and a 
gas inlet tube reaching to the bottom of the flask, and heated to boiling 
under reflux. A slow stream of oxygen from a cylinder was then passed 
until the reaction was complete, which was indicated when the solution 
changed from a greenish-yellow hue to a rich royal blue colour. The hot 
solution was then poufed into water (2 litres) and allowed to stand over- 
night to ensure complete precipitation. The 8-azapurine was then col- 
lected at the pump, washed with copious quantities of water and then with 
ethanol and finally ether. In nearly every case the yield was quantitative. 
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On adjusting the pH to 5-6 by the addition of crystaliinc sodium acetate, 
a slow precipitation of yellow solid was observed. This was completed 
after the mixture had stood overnight at 0®. The product was extracted 
with boiling ethanol and the hot filtrate diluted with water to yield 4:6- 
diamtno-5{A'’Chlorophenylazoy2-{4'’‘chhrophenyllhio) pyrimidine as yellow 
feathery needles from aqueous ethanol, m.p. 211 to 212®. (Found: 
C. 49-3; H, 30; N, 21-35; S, 8-35; Cl, 17-6. Q^HuNgSCl, requires 
C, 49-1 ; H, 3-1 ; N, 21-5; S, 8-2; Cl, 18-2 per cent). 

The residue from the ethanol extraction was crystallised several times 
from aqueous pyridine and afforded 4 : 6-diamino-5 (4'-chlorophenyIazo)- 
2-thiopyrimidine as yellow needles, m.p. 278 to 279® (decomp.). Found : 
C, 43-2; H, 3-1; N, 29-7; S, 11-3; Cl, 13-0. C,oHjN«SCl requires C, 
42-8;H, 3-2;N. 30-0;S. n-4;Cl. 12-7 per cent). 

A:(,'Diamino-S{^’’chlorophenylazo)pyrinudine (CB. 2287, No. 34)- 

4; 6-Diamino pyrimidine (4-4 g.) was dissolved in dilute hydrochloric 
acid (500 ml. 0 04N) and coupled by treating it with a filtered solution of 
4-chlorobenzene diazonium chloride (from p-chloroaniline (5-1 g.)) in 
the usual manner. The addition of solid sodium acetate to the reaction 
mixture afforded a precipitate which was collected and recrystaUised 
from aqueous 2-cthoxycthanol when the azo compound was obtained 
as flat yellow needles, m.p. 299 to 300® (decomp.). (Found: C, 48-6; 
H, 3-5; N, 34-0; Cl. 14-25. Calc, for C,oH,N,Cl: C, 48-3; H, 3-6; N, 
33-85; Cl, 14-3 per cent). Lythgoe, Todd and Topham“ give m.p. 
301 to 302® (decomp.). 

The preparation of 2 ' 6-diamino-3(4'-chloropheny!azo)pyridine is given 
at the end of the experimental section. 

^•Aryl-S-azapurines 

With the exception of the few members noted below,- which include 
a l-dcaza-8-azapurine (No. 60), the compounds of this series were all 
prepared in the following general manner. 

General Method of preparation of ^'oryl-azapunnes 
The corresponding azopyrimidine (4 g.) was dissolved in a mixture of 
pyridine (100 ml.) and water (100 ml.) containing copper sulphate (10 g.). 
When the azo compound was insoluble in this mixture either a larger 
proportion of pyridine was used, e.g , 200 ml. pyridine to 100 ml. of water, 
or else a larger volume of mixed solvents in 1 : 1 proportion. The mixture 
was placed in a three-necked flask equipped with reflux condenser and a 
gas inlet tube reaching to the bottom of the flask, and heated to boiling 
under reflux. A slow stream of oxygen from a cylinder was then passed 
until the reaction was complete, which was indicated when the solution 
changed from a greenish-yellow hue to a rich royal blue colour. The hot 
solution was then poufed into water (2 litres) and allowed to stand over- 
night to ensure complete precipitation. The 8-azapurine was then col- 
lected at the pump, washed with copious quantities of water and then with 
ethanol and finally ether. In nearly every case the yield was quantitative. 
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Besides being soluble m dilute acid, the compound was soluble in hot 
dilute sodium hydroxide, reveafing the presence of a hydroxy group. 

2.6-Diantino-}i‘{y-quinolyiyi‘azapunne (CB. 2381. No. 59\ 

The ring closure of lriamino-5(3'-quinolyIazo)pyrimidine was carried 
out exactly as described above. The crude product was recrystallised 
from propylene glycol (charcoal) several times, washed thoroughly by 
trituration with ethanol and finally ether and yielded a pate cream solid, 
m.p. > 360", which however, was now not soluble in hot dilute sodium 
hydroxide. To obtain salisfaclory analytical figures, it was necessary 
to dry the sample to constant weight at 140\ (Found : C, 56-3 ; H, 4 0 ; 
N, 39'9; CiaHidNj requires C, 56-2 j H, 3-6; N, 40-3 per cent). 

5-Anuno-2(A'-chhrophenyl)'iriazohid’:5’‘2:Z)pyricJine (CB. 2363, No. 60) 

2.6-Diamino-3(4'*chlorophenylazo)pyridine (5 g.) was dissolved in a 
mixture of pyridine (100 ml.) and water (100 ml.) containing copper 
sulphate pcntahydraie (10 g.) and was heated under reflux during the 
passage of oxygen, A rapid reaction recurred and a deep blue colour 
developed within 10 minutes. After one hour, the mixture was poured 
into water (2 I.) and the pale grey precipitate was collected. Crystal- 
lisation from aqueous 2-cihoxyethanol gave the uiazolopyridine as long 
white felted needles, changing on standing to pale yellow prismatic 
needles. The change could be accelerated by warming; both forms 
melted at 258 to 259^ (Found. C, 54-1; H, 3-2; N, 28-65; Cl, 14 I. 
C„H,N,Cl requires C. 53-8; H, 3-3; N, 28-5; Cl, 14-5 per cent.) Treat- 
meat of (his compound with hot acetic anhydride afforded the S-acetamida 
derivative as colourless needles, m.p. 296 to 297’ from n-butanol. 
(Found . C, 53 0; H. 3-5; N, 23*2; Cl, 12-2. CjjHjoONjCl.iHjO requires 
C, 52'6; H, 3-5; N. 23-6; Cl, 12-0 percent). 

9-y4r>7-8-az(jpurmcs 
A . 2‘Amino-9-phenyl-^azapurmc 

(i) 2-Amino-A'QnihnO'S-rtitropyrimidtne. 4-AnilinO'2'ChlorO'5'nitro- 
pyrimidinc (3 Og.)*’ was heatedfor four hours at 100" in a sealed tube with 
saturated ethanohe ammonia (25 ml.). The tube was.^cooted, opened and 
the lemon yellow product (2‘91 g.) collected and crystallised from «- 
butanol to give the aminonitropyrintidine as lemon-yellow needles, m.p. 
206 to 207’. (Found: C, 52-3. H. 3-9, N. 3005. QoHANj requires 
C, 52-0; H, 3 9, N, 303 percent), 

(li) 2'S-D(amin<hA~ani!ino pyrimidine. The above aminonitropyri- 
midme (1*8 g.) was stirred into a solution of stannous chloride (7-6 g.) in 
concentrated hydrochloric acid (38 ml ) and the mixture was gently 
warmed on the steam bath. When all the yellow solid had been replaced 
by a white precipitate, the mixture was cooled and the solid collected and 
dissolved in water. TTic solution vras treated with 40 per cent sodium 
hydroxide solution and the white precipitate collected using chloroform. 
Evaporation of the dried extract gave a pale yellow residue which was 
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Table II lists the compounds prepared in this way. All were colourless 
solids, generally of microcrystalline form. The majority could only be 
crystallised from aqueous formic acid and occasionally retained formic 
acid tenaciously after prolonged drying at 100®. In every case the acid 
content was confirmed by drying at a higher temperature and recording 
the required loss, the product then analysed for carbon and hydrogen with 
satisfactory results. It is not possible to show this in the Table. 

S'{4'-Chlorophenyl)-6‘thio-i-azapurine (CB. 2320, No. 56) 
8-{4'-Chlorophenyl)6-hydroxy-8-azapurine (3 g.) in dry pyridine (50 
ml.) was treated with phosphorus pentasulphide (3 g.) and the mixture 
was heated under reflux for one and a half hours, all material dissolving 
during the initial half hour to yield a dark-brown solution. The reaction 
mixture was allowed to cool somewhat and was then smoothly decomposed 
by adding it to hot water (100 ml.). The product (2-87 g.) was collected 
next day and washed thoroughly with water and then with ethanol and 
ether. Two crystallisations from aqueous pyridine (charcoal) afforded 
the thio-compound as pale golden lustrous needles, m.p. 357 to 358® 
(decomp.). (Found; C, 46-0; H, 2-5; N, 26-3; S, 12-1; Cl, 13-4. 
CioH,N 5SC1 requires C, 45*5 ; H, 2-3; N, 26-6; S, 12-15 ; Cl, 13-5 per cent). 

I'Amino-ZiA'^Chlorophenyr^'^'thiO'Z-azapurme (CB. 2294, No. 57) 

A mixture of 2*ammo-8(4'-chlorophenyl)-6-hydroxy-8-azapurine (1 g.) 
and phosphorus pentasulphide (1 g.) in dry pyridine (50 ml.) was heated 
under reflux for two hours. A further portion of phosphorus pentasulphide 
(2 g.) and pyridine (50 ml.) was then added and heating continued. All 
material had dissolved after a further hour and after a total time of reflux 
of 4 hours, the mixture was decomposed by pouring into hot water 
(200 ml.). The primrose-yellow precipitate (Crude 0-91 g.) which was 
formed was collected next day and crystallised from pyridine (charcoal) 
to yield the thio compound as a yellow powder, m.p. 362 to 363® (decomp.). 
(Found; C, 45-3; H, 3-0; N, 28-9; S, 10-4; Cl, 12-1. C,oH,N6SCl-iy4 
C5H5N requires C, 45-3; H, 2-8; N, 29-3; S, 10-7; Cl, 11-9 per cent). 

2'Amino-6-hydroxy-$i3'-quinolyr)‘^'<^^opurine (CB. 2338, No. 58) 
2;4;6-Triamino-5(3'-quinolylazo) pyrimidine (12-0 g.) in pyridine 
(600 ml.) and water (100 ml.) was treated with a solution of copper sul- 
, phate pentahydrate (40 g.) in hot water (100 ml.) and the clear solution 
was heated in a three-necked flask fitted with reflux condenser while a 
slow stream of oxygen was passed through the liquid. A creamish- 
yellow precipitate soon began to form, and after two hours the colour of 
the supernatant solution assumed a clear royal blue. Whereupon the 
mixture was poured into water (4 1.). The product was collected next 
day, and purified by solution in hot 2N hydrochloric acid, treatment with 
charcoal and reprecipitation with 2N ammonium hydroxide several times. 
The product formed a pale cream solid, m.p. > 360“. Found : C, 56-0 ; 
H, 3-2; N, 35*2; CuH^ONj requires C, 560; H, 3-2; N, 35-15 per cent). 
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needles, m.p. 188 to 189% from aqueous melhanol (Found: C, 58-3; 
H, 4'6; N, 36-8. C»H„N, requires C, 58*4; H, 4-5; N, 37'1 percent)- 

C. 2'Amin<h9(A''cMorophenyl)i‘azapurinc 
(i) 2-Othro-4-(4'-chhroaniIifio)^5-niiropyrimUinc. 2:4-DichIoro-5- 
nitropytimidine (1 0 g,) in ethanol (25 ml.) was cooled to -10“ in an 
ice-salt bath and treated all at once with a solution of p-chloroani)}nc 
(0 66 g.) in ethanol (12 ml.). After a few seconds the clear solution 
became a mass of yellow solid, which was immediately collected and 
rccrystalliscd from ethanol, to yield 2-chhro-A{4’<Moroam!ino)-5-nhro- 
pyrimidine as yellow needles, m.p. 150 to 15l“. (Found: C, 420; H. 
2'6;N. 19-65; Cl, 24'5. Cj^HAHCIs requires C, 42- 1 ; H, 2-1 ; N, 19-7; 
Cl, 24 9 per cent). 

If the reaction was attempted on a larger scale, then a mixture was 
obtained with the di-yj-chloroanilino compound. For comparison an 
authentic sample of this was prepared from the dichloronilropyrimidine 
(1 g.) in ethanol (15 ml.)andp-chloroannine (2-64 g.) in ethanol (50 ml,), 
the pyrimidine being added to the amine this lime. T^e mixture was then 
boiled under reflux to complete the reaction and the product, isolated by 
filtration, formed paid yellow needles, m.p. 216 to 217“ from n-butanol. 
(Found; C, 51-3; H, 3-0; N, 18*8: Cl, 19-3. C„H„0,NA requires 
C, 51-0; H,29;N, 18-6; Cl. 18-9 per cent). 

2-Amino^{4'‘chhroanifinoyS-nUropyrimidinc. 2-Chloro-4(4'-chloroan{‘ 
lmo)-5-nitropyrimidme (20 g.) was heated at 100“ for three hours in a 
sealed lube with saturated ethanolic ammonia solution (20 ml.). The 
product ({•9 g.), collected on cooling, crystallised from n-butanol as 
golden-yellow leaflets, m.p. 241% (Found; C, 45-5; H, 3-45; N, 26-3; Cl, 
13 6. CjoHANfiCl requires C,45-2; H, 3-0; N, 26*4; 0, 13-4 percent). 

2:5-D/Ofwno-4(4'>ch/oroaM/im}p}riMid/ne. The above nitro compound 
{J'32 g.) was added to a solution of stannous chloride (5-0 g.) in concen- 
trated hydrochloric acid (25 ml.) and the mixture warmed and ground. 
When reduction was complete, as shown by the replacement of the orange 
colour by a cream suspension of the stannichlon’de, the product was 
collected, decomposed by 40 per cent sodium hydroxide and the base 
collected by extraction with chloroform. The residue obtained by evapor- 
lion of the extract was crystallised from hot 2N hydrochloric acid (char- 
coal) to yield the difu’drocfi/onde monohydrofe as colourless needles, 
m.p. 286 to 287'’ (dccomp ) (Found: C, 37-1 ; H, 4-5; N, 21'8; Cl, 32*7. 
CsAoNiCl’ZHCl’HjO requires C, 36-75; H, 4-3; N, 21-45; Cl, 32-65 
per cent). The monapicrare formed lemon-yellow rosettes of prisms, 
m.p. 256® (decomp.) from aqueous ethanol, (Found: C» 41-8, H, 3-J; 
N, 23-9; Cl, 7-9. CjoHioN.Cl-QHjOA requires C, 41-3; H. 2-8; N, 
24-(; Cl, 7-65 percent). 

2'Amino-9(4'-c/iioropheny/)-B-aza/rurirte (CB. 2356, No. 63) 
2:5'Di.'imino-4(4'-chloroamlino)pytimidvne dihydrochloride (0-4 g.) 
was dissolved m water (80 mi.), concentrated hydrochloric add (2 drops) 
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crystallised from 2N hydrochloric acid (charcoal) to yield the triamine 
dihydrochhride as colourless needles, m.p. 249 to 250® (decomp.)- 
(Found: 3, 44-0; H, 4-8; N, 25-9; Cl. 25*3. CioH„N'2HCl requires 
C, 43-8 ; H, 4-75 ; N,- 25-6 ; Cl, 25-9 per cent). Treatment of an ethanolic 
solution of the dihydrochloride with an ethanolic solution of picric acid 
gave the monopicrate as yellow needles, m p. 249 to 250® (decomp.) from 
aqueous ethanol. (Found : C, 44-4 ; H, 3'4 ; N, 25*6 ; CioHjiNg C5H3O7N3 
requires C, 44*7 ; H, 3*3 ; N, 26*1 per cent). 

(iii) 2-Anuno~9-phenyl'Z-a::apurine (CB. 2355, No. 61). The above 
dihydrochloride (0 68 g.) was dissolved in water (40 ml.) containing a 
few drops of concentrated hydrochloric acid to suppress any hydrolysis 
and was stirred and cooled to 5®. A solution of si^iuin nitrite (0-24 g.) 
in water (I ml) was added when an immediate pale yellow precipitate 
was formed. After half an hour, the pH of the mixture was adjusted to 8 
by the addition of ammonium hydroxide and the product was collected, 
and crystallised from aqueous methanol (charcoal). The tnazolopyrim'h 
dine formed colourless rosettes of needles m.p. 167 to 168®. (Found: 
C, 56-6; H, 3-9; N, 39-7; CioHgN* requires C. 56-6, H, 3 8; N, 39-65 
per cent). 

B. 2’An\ino-f3'methyl-9-phenyUZ’a2apunne 
(i) l'AminO‘A'anilinO’^-methyl'$‘nitropyrimidinc. 4-AnilinO'2'Chloro» 
6>methyl-5«nitropynmidine (2-54 g. ; Spickett’*, he cU.) was heated at 
100® in a sealed tube with saturated methanolic ammonia solution (20 ml.) 
for 1| hours. When cold, the tube was opened and the product (2-3 g.) 
was collected and crystallised from ««butanol to give the ammo compound 
as yellow needles, m.p. 192 to 193®. (Found: C, 53*3, H, 4-3, N, 28-6. 
CiiHiiOjNj requires C, 53-9 ; H, 4-5 , N, 28-6 per cent). 

in) l\5>Diamlno‘A‘anilm-(i-tnethylpyrnmdtne. The nitro compound 
(3 0 g.) was reduced using a solution of stannous chloride (12 g.) in 
concentrated hydrochloric acid (60 ml.) The precipitated stannichloride 
was collected, decomposed with 40 per cent sodium hydroxide and the 
liberated base extracted with several portions of chloroform. Evapora- 
tion of the dried extracts gave the crude product as a crusty brownish 
solid (2-4 g.). This, on crystallisation from hot 2N hydrochloric acid 
(charcoal) gave colourless, lustrous needles, m.p. 239 to 240®, of ihc 
dihydrochhride. (Found: C. 45 8, H. 5 2, N, 24 45; Cl, 24-65. 
CuHi 3 Nj- 2HCI requires C, 45-9; H. 5*2. N, 24-3. Cl, 24-7 per cent) 
The monopicrate formed orange-yellow leaflets, m p. 252 to 253° (dccomp ) 
from dilute ethanol. (Found C, 45-9; H. 3-8; N. 24-85. 
^uHijNjCjHjOjNj requires C, 45-95, H, 3 6; N, 25*25 per cent). 

(iii) l'Anuno-(fmethyl’9-phcnyI-%’ozapurme (CB. 2341, No. 62). 2,5- 
Diamino-4-anilino-6-mcthyi pyrimidmc dihydrochloride (2*0 g.) m water 
(150 ml ) containing concentrated hydrochloric acid (4 drops) was cooled 
to 5® and treated with a solution of sodium nitrite (0-7 g ) m water (2 ml ) 
with stirring. A prccipimie was formed immediately and after 15 
minutes the pH was adjusted to 7-8 by the addition of ammonium 
hydroxide and the product collected The azapurme formed colourless 
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with S^romyketrahydroptcravlglatamic acid (folinJc acid). SiocJc 
cultures of Sfr. faecah<! were maintained in the ijver-tryptone agar of 
Nymon and Gortner^o, and slock cultures of L^uc. cUrovorum in breuer's 
yeast agar. Tests were carried out in a basal medium similar to that 
used by Collier and Phillips* for testing amagonists'of folmic acid, which 
v^as based on the medium of BartonAVright, Emery and Robinson*’. 
This contained: acid hydrolysed casein (A. & H.), 6 g.; L-cystine, 100 
mg. ; DL-tryptophane, 120mg.; glucose, 10 g. ; sodium acetate (anhydrous), 
10 g.; adenine HCI, lO mg.; guanine HCl. 10 mg.; uracil, 10 mg.; xan- 
thine, 10 mg. ; aneurine, 100 / g. ; riboflavine, 200 /ig ; pyridoxinc HCJ, 
100 pg. ; calcium D-pantoihenaie, 500 pg.; D*biotin, 0-4 pg.; nicotinic 
acid, 100 pg.; NaCl, 5 g.; KH,PO„ 500 mg.; KeHPO,. 500 mg.; 
MgSO^THaO, 200 mg.; MnS04'4H20, 10 mg.; FeClj, 2 mg.; glass-dis- 
tilled water, to 500 ml. The pH of this medium was adjusted to 7 0 
and after steaming for 30 minutes the medium was filtered while hot. 

AiuifoUc tests. The above medium, which was double-strength, was 
filled out in 5 ml. aliquots, in which solutions of test compounds were 
serially diluted. PGA was dissolved in a little potassium dihydrogen 
phosphate solution and made up to the required concentration in glass- 
dtstilied water. Five ml. quantities of PGA solution were added to 
aliquots of medium before autoclaving at 10 lb. for 10 min. Folmic acid 
was dissolved in sterile glass-distilled water and added with sterile’precau- 
lions to double-strength medium after autoclaving. Inocula of bacteria 
were prepared from stock cultures by growing in liver tryptone broth for 
20 hours at 37°. Cultures were centrifuged, washed twice with sterile 
saline and made up to correspond in opacity with Brown’s No. 2 tube. 
This suspension was diluted 1 : 100 with saline and 0 02 ml. used as inocu- 
lum. After 60 to 64 hour incubation at 37°, growth was estimated by 
titration with 0-JN NaOH. using bromthymol blue as indicator. For 
reference, 4-ammo-lO-mcthylplcroylgluiamic acid (A-meihoptcrm) and 
2 . 4-diamino-6 •. 7-dj/Jopropylpteridine (0/129) were used. 

Experimental 

Str. faecalis and pteroylgfutamic acid. The technique of screening 
tests IS illustrated in Figure I. When Str. faecalis was cultivated in the 
presence of enough PGA to give good growth (2 ng /ml.), increasing 
-concentrations of an inhibitor depressed growth to an increasing degree. 
When the level of PGA was raised to 20 ng./rol., higher concentrations 
of inhibitor were required to produce equal depression, indicating some 
degree of competitive antagonism. 

The antifolic acid activities of ail compounds described in the chemical 
section were examined by this method, using levels of 2 and 20 ng./ml. 
PGA. Compounds numbered 9, 12, 15, 19, 21, 22, 25, 29, 32-34, 49-58, 
60-66, and 68 were inactive in saturate solution, while the remainder 
showed activity. The concentration of each active inhibitor required to 
depress growth by half a! each level of PGA v/as dfetermined in three or 
more independent experiments. The geometric means of these concen- 
trations and their 95 per cent fiducial limits, together with the molar ratios 
62 


( 498 ) 



TWO NEW SERIES OF ANTIFOLIC ACIDS 

was added, and the mixture cooled to 5” in ice-water. A solution of 
sodium nitrite (0-12 g.) in water (1 ml.) was added and the mixture was 
well stirred. After adjustment of the pH to 8 by means of concentrated 
ammonium hydroxide, the precipitate was collected and crystallised from 
aqueous methanol to afford the triazolopyrimidine as rosettes of fine 
white needles, m.p. 236”. (Found: C, 48*7; H, 3*0; N, 34*2; Cl, 14*7. 
C,oH 7N«C1 requires C, 48-7 ; H, 2-8 ; N, 34-1 ; Cl, 14-4 per cent). 

%-Azapurine (CB. 2354, No. 64) 

4:5-Diaminopyrimidine (04 g.) in 95 per cent ethanol (10 ml.) was 
refluxed with amyl nitrite (5-5 ml., 10 mol.) for two hours, by which 
time the solution was nearly clear. It was cooled, filtered from a small 
amount of dark coloured matter which was discarded and the filtrate 
was evaporated to dryness to leave a brown solid. This was sublimed at 
130 to mm. to yield a cream substance, smelling slightly of fatty 

acids. The m.p. varied with the rate of heating and standard conditions 
had to be adopted to obtain concordant results. The sample was placed 
in an electrically'heated copper block at 125” and the temperature raised 
at the rate of 2° per minute. The m.p. was then 170 to 171”. 

The product was resublimed at 130 to 140”/I-5 mm. and the initial 
fraction (008 g.) m.p. 164 to 165® was rejected. Sublimation was 
continued and the second fraction (0-29 g.) had m.p. 175®. A small 
amount of yellowish substance was obtained subsequently and the 
remainder consisted of brown, involatile decomposition products. 
Repeated sublimation of the fraction, m.p. 175® only gave material of 
the same m.p. and an involatile residue. The final sublimate was a white 
solid, insoluble in ether, but very soluble in water to give a solution with 
a strongly acid reaction to litmus. On treatment with silver nitrate 
solution, this gave a heavy white precipitate of the silver salt ; with sodium 
bicarbonate solution a vigorous effervescence is observed. (Found : C, 
39-9; H, 2-6; N, 58-1 ; QH3N5 requires C, 39-7; H.2-5; N, 57-g per cent). 

2\6-DiaTnino-'i{A'-chlorophenylazo)pyndme (CB. 2357, No, 66) 

2 : 6-Diaminopyridme (545 g.) in dilute hydrochloric acid solution 
(2N, 50 ml.) was cooled in ice, stirred and treated slowly with a solution 
of 4-chIorobenzenediazonium chloride (from p*chIoroaniHne (6-375 g.)). 
To the resulting dark-red solution was added crystalline sodium acetate 
to adjust the pH to 5-6 and the thick yellow slurry so obtained was diluted 
with water and filtered. The product on crystallisation from aqueous 
ethanol afforded the azo compound as yellow prisms, m.p. 184 to 185® 
(Found: C, 5345; H, 4-3; N, 27-9; Cl, 14-1. CuHioNsCl requires C, 
53 4; H, 4 0; N, 28-3; Cl, 14-3 per cent). 

Biological Section* 

Methods 

Strains. Streptococcus faecaUs (R) was used for experiments with 
pteroylglutamic acid (PGA) and Leuconostoc citrovorum (NCTC 7837) 
• By H.O.J.C. and P.L.H. 
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growth-factor required for a given biological effect do not fully character- 
ise compciiiive action. Such methods however can indicate some degree 
of competition. 

It win ^ seen from Tables III and IV that for each compound a tenfold 
increase in PGA requires a twofold to eightfold increase in inhibitor to 
produce the same degree of inhibition. This indicates the presence of 
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of inhibitor to PGA based on these mean values, and the ratios of the 
mean inhibitory concentrations at 20 and 2 ng./ml. PGA are expressed 
for aryl-azopyrimidines in Table HI. Corresponding results for 8- 
azapurines, Compound 67, A-methopterin and pteridine 0/129 are given 
in Table IV. From these Tables it will be seen that the most active com- 
pounds among azopyrimidines were Nos. 5, 6, II, 17 and 30 and among 
azapurines the considerably 
more potent Nos. 45 and 48. 

Compound 45 had the high- 
est potency, which was 
about one-fiftieth that of A- 
methopterin in the same 
test. 

Leuc. citrovorum and 
folinic acid. Replacing Sir. 
faecaUs by Leuc. citrovorum^ 
some of the compounds 
antagqnising PGA were 
screened at levels of 0'92, 4 6 
or 23 ng./ml. folimc acid. 

Of the aryl-azopyrimidines 
tested, only compounds 1, 

13 and 26 showed some 
degree of competitive anta- 
gonism, the remainder tested 
(Nos. 2, 3, 4, 6, 8, 10, 14, 16, 

17, 20, 23, 24 and 27) being 
inactive. All the azapurines 
tested (Nos. 35, 37, 38, 40, 42 and 48) were inactive and so was Compound 
67. A-methopterin had about one-hundredth and Compound J about 
one-fifth of their respective potencies with Sir. faecaUs. 

Discussion 

In 1914 Langley*- showed that for any particular muscle of the frog, 
the ratio of curare (antagonist) to nicotine (agonist) necessary to prevent 
a response was constant and independent of the levels of concentration. 
In 1940, a similar constancy of ratio between sulphanilamide and amino- 
benzoic acid for Sir. pyogenes was described by Woods**, who ascribed it 
to competition between those substances for an enzyme. Since then, 
constancy of ratio between antagonist and agonist has commonly been 
used as a test of competition, particularly m bacteria. Schild**, however 
has argued that "the mass action equation as developed by Gaddum*®for 
a first order reaction requires a ninefold increase of antagonist corre- 
sponding to a five-fold increase of active drug. . . . Straight proportion- 
ality between drug and antagonist at low concentrations of the antagonist 
is presumptive evidence against the existence of a simple mass action 
relation” The above divergent viewpoints and the work of Timms*® 
suggest that methods based simply on measuring ratios of antagonist to 
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Structure this substituent might be concerned in facilitating attachment to 
an enzyme. Modification of the two active structures by substitution of 
a pyrimidine by a pyridine ring as in VIII (No. 60) and IX (No. 66) led to 
inactivity. 

In the aryl-azopyrimidincs (111) activity is consistent with either one, 
two or three amino substituents in the pyrimidine ring, but for maximal 
cfiecl three amino groups are generally desirable. The effects of substitu- 
tion in the benzene ring with chlorine or bromine depend on the position 
and number of the substituent atoms. A single atom in the para position 
was beneficial, but dihalogen compounds were usually less active than 
the mono-substituted and the tribromo compound (No. 12) was inactive. 

Of the twenty-five 8-aryl-8*azapurincs tested, fifteen contained two 
amino groups in the pyrimidine ring and all were active. The remaining 
ten compounds contained one or no amino groups. Since none of these 
was active, we conclude that two amino groups are essential for activity 
in this series. In the azapurincs, the effects of substitution in the benzene 
ring with chlorine or bromine differed in some ways from those in the 
azopyrimidine scries. Substitution of a single halogen atom in any 
position increased activity, and the dihalogen compounds were generally 
more active than the monosubstituted. On the other hand, as in the 
azopyrimidine series, the para position In the monosubstituted derivatives 
was the most beneficial, and the tribromo derivative (No. 46) was much 
less active than the dibromo compound (No. 45). 

The active compounds of the 8-azapurine series, some of which are 
more potent than any of the azopyrimidines tested, provide what appear 
to be the first examples of antifolic acid activity among 8-arapurines. 

Summary 

! . Thirty-four atnifio-5-aryl-azopyrimidines and thirty amino-8-aryI-8- 
azapurincs and a few examples of three related structures were synthesised 
as potential antifolic acids because of a structural relation to pteridine. 

2. Screened with Sir. faecalis and pteroylglutamic acid (PGA), 23 aryl- 
azopyrimidines and fifteen 8-azapurines showed antifolic acid activity. 
This was greatest in Compound 45, which possessed about one-fiftieth 
the potency of A-methoptenn in the same test. 

3. With Leuc. ciirovorum and folinic acad, .3 of J 6 azopyrimidines and 
none of 6 azapurincs tested showed antifolic acid activity. A-methopterin 
had about one-hundredth and Compound 1 about one-fifth of their 
respective potencies with Str. faecahs. 

Consideration of the activities of the above compounds has enabled 
certain structure-activity relations to be deduced. 

We are indebted to Professor F. C. Happold for the cDIture of Str. 
faecaUs (R) and to the American Cyanamid Company for A-melhoptenn 
and the calcium salt of folinic acid (“Calcium leucovorin*'). We also 
thank Mr. J. J. Grimshaw for statistical advice and analysis and Mr. 

J. Johnston and Miss J. A. Moore for technical assistance. The chemical 
part of this investigation was supported by grants from The British 



TWO NEW SERIES OF ANTIFOLIC ACIDS 

some degree of competitive antagonism of pteroylglutamic acid. A full 
test of competition depends on analysis of curves of log concentration 
of folic acid plotted against bacterial growth in the absence of and in the 
presence of various levels of inhibitor. Such curves have shown that 
Compound 1 competes with both PGA and folinic acid. These curves 
and others at present being obtained for furthCT compounds will be 
published elsewhere. 


Structure-Activity Relations 

The fact that the 4-amino-5-aryI-azopyrimidmes (III) can be readily 
oxidised, by chemical agents, to the S-aryl-S-azapurincs (IV) and that both 
series of compounds contain active substances suggested that the activity 
of the azo compounds might be due to this conversion by oxidation during 
bacterial metabolism. Detailed investigation however revealed a marked 
lack of the relation which, on this hypothesis, would have been expected 
between the activities of corresponding compounds in the two series. 
For example, for Str. faecalis and PGA, certain S-azapurines (Nos. 49, 
50 and 55) which are substituted with amino and hydroxy groups at the 
2 and 4 positions (IV, R' =* NHj, R' = OH) respectively, are inactive, 
whilst the corresponding azo compounds (Nos. 27, 28 and 31) are active. 
Again for Leuc. citrovorum and folinic acid the 8-azapurine No. 35 is 
inactive, but the corresponding azopyrimidine (No. 1) is active. On the 
other hand, for Str. faecalis, certain highly active 8-azapurines, e.g.. 
Nos. 43 and 46, correspond to the inactive azopyrimidines, Nos. 9 and 
12 respectively. A further discrepancy is revealed by comparison of the 
activities of three azopyrimidines (Nos. 2, 3 and 4), which differ only in 
the position of the chlorine atom in the benzene ring, and the corre- 
sponding 8-azapurines (Nos. 36, 37 and 38). The azo compounds are of 
comparable activity whilst the 8-azapurines showed more fluctuation. 

An alternative hypothesis for the activity of the azopyrimidines was 
that they might be reductively split (a process known to occur in vivo with 
a variety of azo compounds”"”) to yield a 4;5-djaminopyrimidine (V) 
which might be the active form ; but, although 2:4:5: 6-tetramjnopyrimi- 
dine (V, R = NH 2 , No. 67), which might be derivable from many of the 
active compounds, was an antifoHc acid, the inactivity of 2 : 4 : 5-triamino- 
n = Qfi, No. 68), also derivable from the 
• ■ ■ ■; •' N ^ / and 31, rendered the hypothesis untenable. 

*'■* ■ , ’the antifolic activity found in the azopyri- 

midines and S-azapurines is intrinsic for each series. 

Simplification of the diamino-S-aryl-S-azapurines by removing the aryl 
substituent to produce 2 : 6-dianuoo-8-azapurinc (No. 65) or by further 
removing the amino groups to give 8-azapurine itself (VI, No. 64) led to 
inactive compounds. The inactivity of No. 65 thus suggests that an aryl 
substituent may be necessary. Since, also, the three 9-aryI-8-azapurines 
prepared (VH, R' = H, R' = C,H„ No. 61 ; R' = CH„ R' = C,Hj. 
No. 62 ; R' = H, R' = Cl p. No. 63) were all inactive, it may be that 

the particular position of the aryl substituent in the S-aryl-S-azapurine 
structure relative to the pyrimidine ring is also important. As a flat 
65 
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ANTIFOLIC ACIDS AND ANTIPURINES IN CHEMOTHERAPY 
By G. M. Timmis, M.Sc., F.R.LC. 

The Chester Beatty Research Instttutey The Royai Cancer Hospital, London, S WJ 

In this review an attempt wiK be made to iHustrale the uses and potential 
uses of ^ntifolic acids and anttpuriaes in chemotherapy. These two 
types of agent can probably be best defined, in brief, by referring to their 
ability to inhibit the growth of various organisms; this inhibition can be 
prevented or reversed by the addition respectively of folic acid (I) or 
one ot the natural purines, usually adenine (11 ; R' = NH*. R" == H) 
or guanine (II; R' — OH, R"«NH*). Antagonism experiments in 
small animals have proved dIfiicuU to assess accurately, and the most 
commonly employed organisms are bacteria, e.g., Lactobacillus casei, 
Streptococcus faecalis and Escherichia coli. By their use we can ascertain 
whether the ratio of the potential antagonist to the amount of folic acid, 
or the purine, required to relieve inhibition remains roughly the same 
whatever the actual concentrations of the antagonistic substances. In 
this instance a true competitive antagonism would exist and, when present, 
constitutes usually the best available evidence for a true folic acid or 
purine antagonist, since when the antagonism Is irreversible or not 
competitive, we do not know whether the metabolite is essentially involved 
or not, although the bacteria concerned may normallyrequire folic acid or a 
purine for growth. It must be emphasised that these simple and ideal 
conditions seldom, if ever, apply wholly in practice, and they are here 
used mainly as an illustration of the principle of competitive antagonism 
and the logical criterion for its presence. For an example of the detailed 
treatment of this subject the reader may be referred to reference 1. In 
this review, except where stated, only reversible antagonisms will be con* 
sidered. 


Folic Acoa Antagonists 

Antifolic acids and antipurines arc logically related, since recent work 
on the biosynthesis of nucleic acids**^ reveals the essential role of folinic 
acid (Citrovorum factor) in the synthesis of their purine constituents. 
This derivative of folic acid is necessary for the synthesis of glycinatmde 
ribotide, and at a later stage the ring closure of 5 -amino* 4 -imjna 2 o!e* 
carbonamide ribotide. Folinicacid (5-rormyl*5 :d. 7 : 8-tetrahydropteroyl* 
glutamic acid, HI) is formed from folic add, and it has been shown that, 
for example, the two powerful antifolic acids, amiaopterin (IV ; R'— NHj, 
R" s= H) and amethopterin (Methotrexate IV; R' = NH^, R" = 
inhibit growth by preventing (he conversion of folic to folinic add in 
various organisms. In these cases also there is probably a tSiiecl int«* 
ference with folinic acid*-*. 

The first chemotherapeutic developments in this field were the successful 
use of aminopterin and Methotrexate in inducing in some proporrion. 
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remissions in children with acute leukaemia'®. Rather less useful are 
the folic acid analogues which contain a hydroxy group in the 4-position, 
e.g. (IV; R' = OH, R" = Me) and they have now fallen out of general 
clinical use. In general, the clinical effect of these antifolic acids is 
reflected in experiments with leukaemia in mice"”'®. The fact that the 
clinical use of antifolic acids does sooner or later induce a drug resistance 
is a serious disadvantage. This effect has been alleviated in experimental 
leukaemias by the combination of two drugs which do not show cross- 
resistance, e.g., by the use of 6-mercaptopurine {yide infra) with Metho- 
trexate'*. Similar clinical attempts have so far been promising. 

The field of the antifolic acids may still, nevertheless, be worth cultivat- 
ing further, since Farber” has found that drugs of the Methotrexate type 
have produced impressive improvement in rhabdomyosarcoma, Hodgkin’s 
disease, lymphosarcoma, neuroblastoma and chronic lymphoid leukaemia. 
Also, Colsky'® reported improvement in carcinoma of the breast treated 
with Methotrexate. 

Amongst simpler types of folic acid analogues which have yielded, at 
the least, significant antifolic activity, arc the 6:?-substituted diamino- 
pteridines (V). In this type R' and R" have been phenyl or substituted 
phenyl'®**®, R' phenyl or substituted phenyl and R" amino*' or R' and 
R" have both been alkyl or aralkyl, or R' aryl and R" alkyl**"**. Anti- 
fohc acid activity has also been found in more complex types, for example, 
the naphthopteridine (VI)*®-*« and the indolopteridines (VII ; R =alkyl )**-**. 
None of these types has yet yielded compounds of value in leukaemia, 
but high antiraalarial activity has been found in some of the 2 : 4-diamino- 
6 : 7-dialkylpteridines and 2 : 4-dlamlno-6-aryI-7-alkylpteridines ; e.g., 
V (R' s= anisyl, R" = /ropropyl) which equals proguanil (Paludrine) in 
activity. But for the emergence of the pyrimidine derivative pyri- 
methamine (Darapnm, vide infra), a drug of wide usefulness clinically 
would probably have arisen from this series. 

Another potentially interesting type of activity was found both in the 
6:7-dialkyl-2:4-diaminopteridines and in the indolopteridines, (e.g., 
VII; R = Me) where substances with high activity in vitro against 
Vibrio cholerae were found. 

High antifolic and antimalarial activity has also been found m structures 
simpler than pteridines, viz., the 2 4-diaraino-5<hlorophenyl pyrimi- 
dines** (e.g., VIII), and the 4 -6-diamino-I-chIorophenyl-l .2-djhydro- 
triazincs (eg., IX)*®"”. 2:4-Diamino-5-3':4'-dichloropheny]-6-meihyl- 
pyrimidine (VIII; R = Me) resembles aminoptcnn and Methotrexate 
in its antifolic acid properties, but it has had only slight success in the 
treatment of acute leukaemia in children” and seems to be inferior to 
Methotrexate owing to its toxicity. Slight inhibition of growth of the 
mouse sarcoma 180 has been caused by this type of compound where 
the methyl group is replaced by hydrogen, ethyl or n-amyl groups**. 
Of much greater ’clinical interest in this group is pyrimethamine** 
(Daraprim, VIII; R = CjHs), a widely used antimalarial drug. 

The scries of dihydrotriazines (e.g., IX), studied by Modest and Foley 
and their coflaborators, are non-competilive inhibitors of folic acid and 
82 
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The most complex antipurine of any so far produced is puromydn, 

6-dimelhyJamino-9-(3''/?-methoxy-L-phenyIaJanyl-amino-3'-deoxy-D-ribo- 

syOpurine (XV). This evinces an aniiguanine action in E. coH^ and it 
has been shown that its trypanocidal action in T. equiperdum was due to 
interference with the purine metabolism of the parasite”. This trypano- 
cidal acijon was reversed by adenine and other purines". After showing 
activity against experimental tumours and leukaemias, all clinical trials 
in various malignant diseases were disappointing; but effectiveness as an 
amoebjcide was uncovered first in guinea pigs" and then in man" 
When the structure of puromycin was simplified by removal of the 
p-methQKyphcnyUhnyl residue (at the dotted line shown in XV) the 
amine obtained, 6-dime(hylainino-9-(3'-amino-3''dcoxy-D*ribosyI) 
purine was similar to puromycin in its activity against experimental 
tumours and trypanosomiasis. Like puromycin, (his compound has 
not so far shown promise m cVinicai triaJs whh malignant disease. 

New types of purines and a 2 apunnes have recently been synthesised 
as potential antipurines" on the hypothesis that cyclic substituents in 
the 9 position might be of value since they bear a spacial relation to the 
furanose ring (cf. XV/) which appears. In the form of the phosphate 
ester, as a stage in the normal biosynthesis of the hypoxanthine and 
presumably other purine moieties in ribonucleic acid, and possibly as 
the deoxy form in deoxyribonucleic acid. 

The formulae XVJI to XIX illustrate four active compounds, all of 
them showing essentially an antiguaninc type of activity when tested with 
E. coh^\ The azapurine (XVII) is about three times as active in this 
respect as is 6-mercapcopurinc. TTie other compounds are less active; 
XVJII (R s= Me or H) also show a less competitive type of action 
than does XVII, and XIX has a less competitive kind of inhibition than 
XVJII. 

Of purine analogues, a little more removed from purine in structure, 
a series of thiazolopyrimldines (3:4:6-triaza-I-thjaindenes) (e.g., XX) 
and a senes of pyrazolopyrimidincs (1 : 2 • 5 * 7-tctrazaindenes) (XXI) have 
yielded active compounds. In the 1 ;2;5:7-lelra2aindene series" 
activityagainst those experimental tumours usuallysusceptibJe to the action 
of antipufincs has been found**. In E. coU, XXI (R = Me) is about 
three times weaker than 6-rnefcaptopurine as an antiguanine, and had 
very little adenine activity". Very recently, partially competitive anti- 
guanine activity has been found in (he 8-(hiapurine derivative* XXII*®. 
Also, in the 2-azapurine series, 2-azaadenine (XXHI ; R = NH») and 
2-azahypoxanihine (KXlll; R OH) are antiporines". 

Benziminazole (70CIV) and its derivatives and benzthiazole (XXV) 
and benztriazole (XXVI) are the antipurines furthest removed from a 
structural analogy with purine. Beiuiminazole was first found to have 
antf-adenine activity in various ofE^nisms^, and an antiguaninc activity 
in E. coh was found later**. Benzthiazolc and benztriazoJe were similarly 
found to be weak antiguanines**. Comparison of faenztriazole with 
8-azapurine (XXVII)* showed that the latter had a similar weak, mainly 
antiguaninc, type of activity. TTius, in this instance, substitution of the 
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folinic acid. AJihough active against experimental leukaemias, clinical 
experiments with these compounds have been found unpromising possibly 
because an adequate dose cannot be tolerated’*. The series has provided 
many compounds active against experimental malaria”-’* and experi- 
mental tumours”, but although compound IX is the active metabolite” 
of the widely used antimalarial proguanil (X), and has been found to be 
more active in experimental animals, its clinical use is at least uncommon, 
and the same applies to the other members of the scries. 

Recently discovered antifolic acids are the amino-S-arylazopyrimidines 
(XI) and the amino-8-aryl-8-azapurmcs (XII)'-^’. In neither series is 
activity high. Of the arylazopyrimidmes the 2' .4'-dibromophenyI- and 
the j8-naphthyl-analogues were the most active, having about l/300th the 
activity of Methotrexate. The most active of the 8-azapurmes was the 
2';4'-dibromophenyl-analogue which had l/60lh of the activity of 
Methotrexate, tested with Sir. faecalis. However, antifolic acid activity 
associated with the S-azapurme structure is apparently a new observation. 
The possibility that folic acid fulfils an essential role in the multiplication 
of viruses has not been neglected Psittacosis virus (6BC) in chick 
embryonic tissue was inhibited by aminopterin. Methotrexate and amino- 
an-fol, which is an analogue of aminopterin (IV; R' = NHs, R" « H) 
differing only by the substitution of an aspartic acid for the glutamic 
acid moiety. Since the inhibition caused by the last two compounds 
was annulled by Curovorum factor, there is evidence that the effect 
arises from a direct interference with the folic acid metabolism of the 
virus*”. 


Antipurines 

In the field of antipunnes the number of compounds and types of 
structure discovered with appreciable activity has been much smaller 
than amongst the antifolic acids. The first example to show any marked 
activity as an antagonist of adenine m L. caset was 2.6-diammopurine 
(XIII; R' = R" = NHj)*”. The clinical trials*’ in leukaemia were 
disappointing, although a significant effect had been observed on a 
transplanted mouse leukaemia 

At about this time the antiguanine activity of 8-azaguanine (XIV ; 
R' = OH, R” =s NH 2 ) was discovered with Tetrahymena as the organism,** 
but clinically its effect has been disappointing in trials spread over some 
six yeaA, and its attempted use seems to have been abandoned. 

Of the simple purines, 6-mercaptopurine” (XIll; R' *= SH, R” = H) 
is by far the most interesting since it is the drug of choice in the treatment 
of acute leukaemia in adults*® Also it is effecl've in children and in 
those instances in which resistance has been induced to the antifohc 
acids and to cortisone. It is also of some value in chronic myeloid 
leukaemia. 6-Chloropurine (XIII; R' = Cl, R" = H) has been tried 
clinically in chronic and acute leukaemia without marked success*’. 
Similarly, trials of 2-amino-6-mercaptopurine (XJU, R'=SH, R"=NHj)” 
and purine itself (XIII, R' = R" — H), which is an adenine antagonist, 
have revealed, at most, no advantage over 6-mercaptopurine’®. 
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benzene ring by the pyrimidine ring, which is chemically very difTerenl 
and resembles much morea 2:4-dinilrobcn2enefmg, made little difference. 

Anlipuritics and I^/f«re.r 

Jl )S convenient at Ibi5 point to consider the effect of antiparines on 
viruses. 8-Aaiguanine (XIV; R' = OH, R" - NH,) has been exten- 
sively invesfigafed and causes a marked inhibition of systemic development 
of lucerne mosaic virus in Nicotiana gfuiinosa^ and tobacco and cucumber 
mosaic virus in cucumbers and Nicotiana sp}*. S-Azaadenine (XIV; 
R' = NHj, R” “ H) has also some inhibitory effect on lucerne mosaic, 
cucumber mosaic and tobacco mosaic viruses. The virus inhibition by 
8-aztiguaninc can be reversed by spraying the plants with adenine, guanine 
or hypoxanthinc iridicating an antipurine mechanism for the inhibition. 
Furthermore, B-azaguaninc is incorporated into the virus nucleic acid** 
and the infectivily of the virus was markedly rcduccd®h 

Vaccinia virus in tissue culture was also inhibited by 2:6-dich(oro-S- 
hydroxypurinc (XXVIII; R * R' * Cl, R" « H, R'" « OH), 2:6:8- 
tnchloropurine (XXVIH; R = R' « R'" « Cl. R" « H) and 2:6- 
dichloro-7-methyIpurine (XXVJII; R =* R' =* Cl, R" = Me, R'" *» H), 
but the inhibition was not reversed by normal purines**. 

2:6-Dlaminopunne (XXVIH; R ** R' » NH*. R" » R'" =* H) was 
more acrive and its action was reversed by adenine and hypoxanthinc**. 
Bcnziminazolc*^"^” and derivatives of bcnzimmazole have, however, led 
to more interesting results than purine derivatives or close analogues, 
and a detailed and systematic exploration of structure-activity relations 
in this field has been carried out”***. By the attachment of a ribose 
moiety to the most active of the methyl and chlorine substituted benzim'm- 
azoles, even more active compounds were obtained of which 4:5:6'tri- 
chloro-l-jS-D-ribofuranosylbcnzimlnazoIe (XXIX) was the best, being 
760 times more active than bcnziminazole in the inhibition of Lee 
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inhibitor which produced inhibition, no effect on nucleic acid biosynthesis 
could be detected. Mechanisms other than an efTect on nucleic acid 
must therefore be sought” and the inhibitors may well interfere in some 
way with co-enzyme A*®-**, pantothenic acid” or with diphospbopyridine 
nucleotide (DPN)H In this connection it should be noted that co- 
enzyme A contains an adenine moiety linked via ribose and phosphoric 
acid to the pantothenic acid amide of ^-mercaptoethylamine, whilst 
DPN also contains an adenine residue linked through ribose and phosphate 
to nicotinamide. 

Hitherto there has been a tendency, when attempting to design new 
drugs intended to improve on the results so far obtained with anlipurines, 
to consider only the structures of the established links In the chain of 
nucleic acid synthesis, or smaller moieties, c.g., purines, derivable there- 
from, and then to think of analogous structures which might inlerfcre 
with their function. A probably important consequence of the recent 
evidence on the mechanism of the inhibitory action of 8-azaguanine 
and 6-mercaptopurine will be to focus more attention on the possibility 
of interfering with the action of the two co-factors mentioned above 
and also with others. 

The relation of the action of the sex hormones to the metabolism of 
folic acid and purines has received very little attention except from the 
work of Hertz and Tullner**. They found that the growth of chick 
oviduct, a tissue dependent on oestrogens, is much stimulated by adminis- 
tration of siilboestro) and folic acid and that this effect is competitively 
reversed by aminopterin. Methotrexate and 4-aminopteroyIaspariic acid 
(amlno-an-fol.). Similar results were obtained with the uterus of the 
sexually immature rat. Similarly an antagonism between on antipurine 
(2: d-diaminopurtne) and adenine was demonstrated. Analogous ant- 
agonisms were observed between certain steroid hormones**'**, and the 
results of this and further work might well help to explain, for example, 
why both antifolic acids and cortisone are beneficial in acute leukaemia. 

Summary 

A review of the field of antifolic acids and antipurines made with 
the intention of illustrating their use, or potential use, in chemotherapy, 
reveals drugs useful, but by no means ideal, for the palliative treatment 
of leukaemia, and the discovery of one valuable anlimalarial drug, which 
is an antifolic acid. There is also evidence that an anlipurinc mechanism 
can be involved in trypanocidal and also in antiviral action, but successful 
clinical applications of these leads have not yet been achieved. Again, 
there is a preliminary indication that antifolic acids might perhaps be 
of some value as antiviral agents and here, as with the anlipurines, 
further work will doubtless be stimulated by the enormous important 
of a successful chemotherapy of virus diseases, which is yet to be achieved. 
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influenza virus in chorio-allantoic membrane tissue culture’^-’*. Although 
no unequivocal evidence was obtained that the mechanism of action 
involved an antipurine or antinucleoside effect, it was thought, after 
elimination of other possibh mechanisms, that the action is intracellular 
and involves disturbance of the metabolism of ribosides. It must be 
added that no purine analogue or benziminazole derivative has so far 
been successfully used clinically in a virus disease. 

Mechanism of Action of Antipurmes 
A great deal of work has been directed towards elucidating the essential 
mechanism of action by which the antipurines inhibit growth. This 
may be conveniently divided into the conception of the antipurine being 
incorporated mto the nucleic acid molecule, thus producing dysfunction, 
and the concept that the agent interferes initially with some enzyme 
or co-enzyme concerned in some way with growth or interferes with the 
synthesis of nucleic acid from preformed purines. The evidence suggests 
that any of these mechanisms can operate according to the particular 
antipurine and also to the organism involved. 

S-Aiaguanine, and also 8-azaxanthine, are incorporated principally 
into the ribonucleic acid (RNA) of B. cereus, the azaxanthine being 
converted into azaguanine’^ Incorporation into the deoxynucJeic acid 
(DNA) was only slight. In both instances marked inhibition of growth 
occurred. Furthermore, comparison of the effects of g-azaguanine, 
S-azaadenine, 8-azahypoxanthine, S-azaircguanlne (XXX)> 4-amino* 
tria2ole-5-carbonamide (XXXI; R = NHj), 4-aminolrjazolc-5-carboxyljc 
acid {XXXI; R » OH) and 5-hydroxytrjazoIe (XXXII) on tobacco 
mosaic virus and £. coli showed that where growth inhibition occurred, 
5(3 did incorporation into RNA and where there tvas no inhibition RNA 
was not incorporated” Since the evidence is strong that RNA plays, 
at least, a much bigger part in protein synthesis than does DNA, the 
comparison of the actions of these closely related compounds provides 
good evidence for associating incorporation with growth inhibition. 
Again with S-azaguantne in £. coli, inhibition of growth does not begin 
until one to two generation limes after the inhibitor has been added. 
The time lag in the onset of growth inhibition, which does not occur 
with other bacterial growth inhibitors, suggested that time was necessary 
for the accumulation of damaged and ineffective RNA before an effect 
on growth w-as evident. On the other hand, a comparison with the 
inhibition of growth of B. cereus by azaguanine shows that for a roughly 
equivalent amount of inhibition much less azaguanine is incorporated 
into the RNA” This result suggests that another mechanism may be 
playing a larger part in inhibiting B. cereus than is seen with £. coli. 
This idea has been confirmed by experiments with S-azaguaninc (labelled 
with ‘*C at the carbon in the 4-positton) and B. ccrcus, from which it was 
concluded that inhibition was produced either by the incorporation of 
the inhibitor into a particularfy sensitixe portion of (he nuefcte acid or 
by interference with some co-faclor”. Study of the effect of 6-merc3pto- 
punne on the growth of E. cah showed that at low concentrations of the 
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METALS m NORMAL AND ABNORMAL TISSUES 
from one type of abnormal tissue to the other, we refrained from classifying 
histologically the malignant liver-parts, and shall refer to them as “liver 
tumours”. ' 


Analytical Methods 

(fl) Ashing of biological material. Each group of pooled livers was 
weighed ("wet weight**) and then dried in an eiectric oven at JI0° for 
24 hours. This material was powdered by grinding it in a glass 
mortar with glass pestle and dried at 110" to constant weiglit (“dry 
weight”). The powder was subsequently defatted by extraction in a 
soxhlet with absolute ether. The extracted residue was freed from solvent 
in vacuo with warming up to 50". The product, weighed for "dry-defatted 
weight” ("Wi,!,”) was incinerated in a "Vitreosil” crucible, placed m an 
electrically-heated muffle furnace at temperatures reaching 435" i 1° 
inside 3 hours*®, when the heating was continued for another 7 hours. 
After cooling, the crucible was removed and its contents ground with an 
agate pestle. A few crystals of spectroscopically pure ammonium nitrate 
were mixed with the powder and the heating in the furnace continued at 
435 4; r for 24 hours. The resulting colourless ash was weighed (“ash 
weight”, "V/f*) and stored in polythene specimen tubes until submitted 
to emission spectrographic analysis. 

(b) Emission spectrography. The ash (ca. 20 mg.) was mixed with an 
equal weight of pure carbon powder and the mixture compressed into 
the bore of a Jelfke electrode made from spectrographically pure carbon 
rod to the following standard speciheation : external diameter of electrode, 
3 0 mm. ; internal diameter and depth of longitudinal bore, 0-8 mm. and 
8 0 mm., respectively. 

Four replicate spectrograms of each sample were obtained by the 
catijode layer arc technique (cf. Mitchell**) using a Hilger Large Quartz 
Spectrograph (E.492) and a 9 amp. D.C. arc. The external optical train 
consisted of a condensing- lens and step filler (ratio 1:1*7), The lens 
Atcussed the cathode layer on the collimator of the spectrograph, and 
the spectrograms were recorded on Kodak Photoscript B.JO plates over 
the range 2700 to 4800 A. The samples were burned to completion In the 
arc ; this required a 200 second exposure. 

The wavelengths of the lines us^ for the estimation of each element are 
included in Table I. The density of the spectra! lines on the sample 
plates were measured using a Hilger microphotometer, correction being 
made for "background” in the normal manner. The concentration of 
each element sought was estimated in a manner similar to that described 
by Mitchell**, with the exception that SeidI density values” were used 
instead of normal density values, the concentration being read graphically 
from a working curve correlating log concentration in parts per million of 
ash (log W*,) and log per cent relative density of the spectral line. 

The mean working curves were established from the line densities on 
replicate spectrograms given by a scries of synthetically prepared standards 
ccnlatning known quantities of the elements sought. Each standard was 
vj-vetrographed four limes. 
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CELLULAR CONSTITUENTS. MAJOR AND MINOR METALS 
IN NORMAL AND ABNORMAL TISSUES 

Part I. Analysis of Wistar Rat Livers for Copper, Iron, 
Magnesium, Manganese, Molybdenum and Zmc 

By F. Bergel, 1. L. Everett, J. B. Martin and J. S. Webb 

From tfit Chester Beatty Research Institute, fnstitufe of Cancer Research 
Royal Cancer Hospital, anil the Department of Geology, Roxaf School of 
Mines, London 

Received March 25, 1957 

Assessment of the usefulness of emission spectrography for compara- 
tive analyses of six elements, Cu, Fe, Mg, Mn, Mo and Zn, in rat 
Uver has been made. It has uncovered the presence or absence of 
differences in the concentrations of these metals in livers between age 
groups, animals on different diets, pregnant animals and male animals 
with normal, regenerating and mmourous organs. A discernible trend 
in concentrations of certain elements from the embryonic tissue to that 
of the adult animal emerged. In some instances the abnormal and re- 
generating materials appeared to carry losver or higher amounts of the 
element compared with normal livers. With molybdenum, the livers of 
embryonic, newborn and young animals had low concentrations, slowly 
increasing , (he results obtained with older animals formed a higher 
level rugged plateau. 

Comparative analyses of normal and abnormal tissues or cells for 
organic constituents and for levels of enzyme activities have been carried 
out over a number of years in many laboratories*. Estimation of nucleic 
acids, proteins, amino acids, lipids, carbohydrates, vitamins, coenzymes, 
hormones, etc. have been undertaken in embryonic, regenerating, adult 
and corresponding tumourous material. While so far usually only 
quantitative and not qualitative diflerences between the contents of 
various comparable tissues have been found, these observations are 
helping towards a greater understanding of the biochemistry of growth, 
development and cancer 

More recent work has attempted to find more experimental support 
for the hypothesis* that induction of malignancy is due, at least in part to 
loss of, or change in essential proteins. Apart from the studies of the 
Millers* with arobenzencs, Weiler* from an immuno-chcmical viewpoint 
established that the feeding to animats of butter yellow (4-dlmcthyJarnino- 
azobenzene) which leads to the development of hepatomas, causes also a 
loss of a liver antigen. He demonstrated later* a similar antigen loss in 
the kidney of the male hamster after mscriton of stilboestro! pellets m the 
flank, producing over a period tumours* in that organ. Bhargava and 
Heidciberger’ showed that I 2‘5 fi-dibe/ieanthracene, a carcinogenic 
polycyclic hydrocarbon, in form of an oxidation product combined to a 
certain extent wiUi the skin-proteins of mice which bad been treated with 
the agent. 
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METALS IN NORMAL AND ABNORMAL TISSUES 
from one type of abnormal tissue to the other, we refrained from classifying 
histologically the malignant liver-pans, and shall refer to them as “liver 
tumours”. ^ 


Analytical Methods 

(а) Ashing of biological material. Each group of pooled livers was 
weighed (“wet weight”) and then dried in an electric oven at jJ0“ for 
24 hours. This material was powdered by grinding it in a glass 
mortar with glass pestle and dried at 110° to constant weight (“dry 
weight”). The powder was subsequently defatted by extraction in a 
soxhlet with absolute ether. The extracted residue was freed from solvent 
in vucuo with warming up to 50“. The product, weighed for “dry-defatted 
weight” (“Wui,”) was incinerated in a “Vitreosil” crucible, placed in an 
efectricaffy-heated muffle furnace at temperatures reaching 435“ ±1° 
inside 3 l^ou^s*^ when the heating was continued for another 7 hours. 
After cooling, the crucible was removed and its contents ground with an 
agate pestie. A few crystals of spectroscopically pure ammonium nitrate 
were mixed with the powder and the heating in the furnace continued at 
435 ■£ for 24 hours. The resulting colourless ash was weighed (“ash 
weight”, “W*”) and stored in polythene specimen tubes until submitted 
to emission spectrographic analysis. 

(б) Emission specirography. The ash (co. 20 mg.) was mixed with an 
equal weight of pure carbon powder and the mixture compressed into 
the bore of a Jelfke electrode made from spectrographically pure carbon 
rod to the following standard specification i external diameter of electrode, 
3 0 mm. ; internal diameter and depth of longitudinal bore, 0 8 mm. and 
8-0 mm., respectively. 

Four replicate spectrograms of each sample were obtained by the 
cathode layer arc technique (cf. Mitchell”) using a Hilger Large Quartz 
Spectrograph (£.492) and a 9 amp. D.C. arc. The external optical train 
consisted of a condensing* lens and step filter (ratio 1:1*7). The lens 
focussed the cathode layer on the collimator of the spectrograph, and 
the spectrograms were recorded on Kodak Photoscript B.JO plates over 
the range 2700 to 4800 A. The samples were burned to completion in the 
arc; this required a 200 second exposure. 

The wavelengths of the lines used for the estimation of each element are 
included m Table 1. The density of the spectral lines on the sample 
plates were measured using a Hilgcr microphotometer, correction being 
made for "background” in the normal manner. The concentration ol 
each element sought was estimated m a manner similar to that described 
by Mitchell”, with the exception that Seidl density values^ were used 
instead of normal density values, the concentration being read graphically 
from a working curve correlating log concentration in parts per million of 
ash (log Wr,) and log per cent relative density of the spectral line. 

The mean working curves were established from the line densities on 
replicate spectrograms given by a senes of synthetically prepared standards 
containing known quantities of the elements souglit. Each standard was 
spectrographed four limes. 
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TABLE I 

Wavelengths of lines used and reproducibility of results in emission 

SPECTROGRAPHY 



The symhetic base, ro which the elemenls were added in appropriate 
logarithmic proportions, was prepared by Messrs. Johnson and Matthey, 
London, by fusing the following mixture: KH2PO4 (21 O-g.); NaHoPO^ 
(4-96 g.); CaCOj (0-37 g.); Na.CO-, (0-42 g.); NaNO^ (0'16 g.); NaCI 
(1*64 g.) and (NH4)2S04 (0-28 g.). The composition of this mixture was 
based on results of a bulk analysis ol ashed rat organs, kindly undertaken 
by J. F. Harringshaw and L, S. Theobald of Imperial College, London, 
who found ; -KjO, 29-93 ; Na^O, 8- 19 ;CaO, 0-82 ; MgO, 2-1 5 ; FcgOa, 0 04 ; 
SiOj, Oil; pgOj, 48-21 ; SO3, 0-69, CO*, 0-44, AIjO,, 002; NA. 04; 
NaCl, 2-97, H2O, 1-02 per cent. Organic matter (containing N and/or 
O, 5-13 per cent); total, 10012 per cent. 

(c) The reproducibility of the eslimaiiom As previously mentioned, 
the present examination has been concerned only with the estimation of 
copper, iron, magnesium, manganese, molybdenum and zinc. Figures 
for the reproducibility of the results for those elements over the range of 
concentrations encountered are given in Table 1. 

Reproducibilities were estimated using both synthetically prepared 
standards (A) and the results obtained on selected samples (B). For the 
former, the reproducibility is given as the relative standard deviation 
obtained by expressing the standard deviation of four estimations as per 
cent of the known content of the standard. With the samples (B), the 
standard deviations are expressed as percent of the mean of four replicate 
estimations. 

The significance of these figures is that statistically the limits of the 
relative standard deviation should be exceeded only 1 in 3 times by 
S26 
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chance. Data Aand Bshowrelativclygoodogrcement.Qndinvicwofthe 

fact that the samples represented in B are those which showed maximum 
variation, it is considered that a satisfactory degree of reproducibility has 
been achieved with the speclrographic method employed. 

Results and Discussion 

In a preliminary speclrographic survey of 30 elements the following were 
not detected under our experimental conditions: Be, Bi, Cd, Co, Cs, Ga, 
Ge, Hg, In, Li, Sb and Tl. While Rb was a contaminant of the synthetic 
base (cf. p. 526), Ag, Ni, Sn and Zr were found to be present in small 
amounts in certain samples only, and Da, Cr and Pb seemed to form 
genuine constituents of some of the livers. Our more extensive studies 
were restricted to six elements, namely, Cu, Fe, Mg, Mn, Mo and Zn, 
which are known to play an important role as part of enzymes or as their 
activators. 

The results are reported in Table II and Histogram I, where by using 
different scales for the various metals and averaged values for some 
groups, the changes are visually summarised. The data are expressed as 
pg, of element per g. of dried defatted tissue (Wj>p) or p.p.m., calculated 
from the ratio (as given in Table 11, column i) and multiplied by 

Wk, where W^, =* /^g. of element per g. of ash as obtained from the 
photometric values by the method mentioned above. 

Copper {cf. Underwood”, pp. 63-74). In normal livers the content 
increases suddenly from that of the embryos and newborn animals {cf. 
Lorenzen and Smlth^) to about treble their amount in the one and two 
weeks old rats which are suckling at the lime. The reason for this rise is 
rather obscure, particularly if one considers the low copper content of milk 
reported in the literature**. Our observation confirms that of BrUckmann 
and Zondek”, who have found a peak in copper concentrations in rat 
livers between lOto 1 5 days after birth. Like these authors we established 
that in our animals, fed on a controlled diet, the copper content declined 
during the period from the 3rd to I6th week. Animals, 4 to 8 weeks old 
and pregnant rats 16 to 20 weeks old, both groups fed on kitchen scraps, 
did not differ very much from the former {cf. Ashikawa, Smith and 
Helwig”). The “liver tumours” from rats over 12 months old and the 
regenerating livers, after 5 and 8 days regeneration show only a slight 
inprease compared with the organs of all adult animals mentioned above. 

Iron {cf. Underwood**, pp. 26-33). The level in tissues of this major 
element is, for obvious reasons, subject to fluctuations by the presence or 
absence of residua! blood. Attention is therefore drawn only to the 
higher values noted in foetal livers of embryos and newborn animals, iii 
liver tumours and In the regenerating organ. The average iron content of 
ul] other livers (21 groups) given in Tabic II is 236 p.p.m. 

Magnesium. Figures for this other major element, so far obtained, are 
of restricted significance without the corresponding data for calcium. 
However, the values for the regenerating organ seem to be genuinely lower 
and the average for the liver tumours (986 p.p.m. from 7 samples) appear 
to be higher than the average of all other livers, namely 627 p.p.m. 
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TABLE I 


Wavelengths of lines used and reproducibvuty of results in emission 
spectrocraphy 



The synlhetic base, to whrch the elements were added m appropriate 
logarithmic proportions, was prepared by Messrs Johnson and Matthey, 
London, by fusing the following mixture: KHgPO^ (210-g.): NaHjPO^ 
(4-96 g.): CaCOj (0-37 g.); Na.CO, (0-42 g.); NaNO, (0-16 g.); NaCl 
0*64 g.) and (.NH«)jS 04 (0-28 g.) The composition of this mixture was 
based on results of a bulk analysis of ashed rat organs, kindly undertaken 
by J. F. Harringshaw and L. S. Theobald of Imperial College, London, 
who found : -K^O, 29-93 , NaA 8-19 :CaO, 0 82 ; MgO, 2-15; Fc.Oj, 0 04 ; 
SiOj, O-ll; PA. 48 21 ; SO 3 , 0-69; CO„ 0-44; ALOs. 0 02; n’A, 0*4; 
NaCl, 2-97; H^O, 1-02 per cent. Or^nic matter (containing N and/or 
O, 5-13 per cent); total, 100-12 percent. 

(c) The reproducibiliiy of the esiimaiions. As previously mentioned, 
the present examination has been concerned only with the estimation of 
copper, iron, magnesium, manganese, molybdenum and zinc. Figures 
for the reproducibility of the results for those elements over the range of 
concentrations encountered are given in Table I. 

Reproducibilities were estimated using both synthetically prepared 
standards (A) and the results obtained on selected samples (B). For the 
former, the reproducibility is given as the relative standard deviation 
obtained by expressing the standard deviation of four estimations as per 
cent of the known content of the standard. With the samples (B), the 
standard deviations are expressed as per cent of the mean of four replicate 
estimations. 

The significance of these figures is that statistically the limits of the 
relative standard deviation should be exceeded only I in 3 times by 
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Manganese (see Underwood^’, pp. 235-240). An increase in content of 
this metal can be discerned (see Histogram I) from the embryo via the new- 
born and one to two weeks old animals to the three to 16 weeks old rats. 
It may be significant that the values for the regenerating livers are more 
like those of the earlier age groups, while those of the liver tumours are 
similar to the results with the later age groups. 

Molybdenum (see Underwood^’, pp. 125-129). This trace element is 
of special interest to us in view of the work in these laboratories* on 
xanthine oxidase, a molybdeno-flavoproiein. The low levels of foetal 
and newborn livers rise over the next five weeks and arrive at an average 
value for the 16 weeks old, the pregnant females and the rats fed on 
kitchen scraps of 1*7 p.p.m. This should be contrasted with the content 
of the liver tumours of which three showed a low molybdenum con- 
centration and four an average of 2-0 p.p.m. It has been mentioned 
before that the histological nature of the tumours was somewhat un- 
certaip. This might explain the differences between the low and higher 
figures. The low values could he quoted in support of a report by 
Westerfeld and colleagues* on the diminished level of xanthine oxidase in 
livers of animals fed with butter yellow. Our figures obtained with 
foetal livers invite a similar comparison with the low level of xanthine 
oxidase activity in embryonic organs’*. No molybdenum could be 
detected in our regenerating livers. If this is an observation reproducible 
with other material, it should be followed up by estimation of molybdeno- 
flavoproteins in regenerating organs, 

Zwc (cf. Underwood*’, pp. 208-216). Our figures suggest a higher 
zinc content in the foetal, newborn and one wcck-old livers. Then they 
fall to an average of 102 p.p.m. in the organs of animals between 2 and 
16-week5 old, organs with the data for all the other normal livers being 
about the same”. We cannot offer, at present, any explanation for the 
apparent absence of zinc in the regenerating livers. Some of the tumour 
livers did not yield results, because the presence of surprisingly high 
amounts of calcium made the spectrographic estimation of zinc impossible. 
This observation makes it very desirable to analyse at an early date for 
calcium. The remainder of the tumour-hvers showed slightly higher metal 
Contents, average 1 30 p.p.m. The other point which should be mentioned 
here, is that the keeping of rats in zinc cages has seemingly very little effect 
on the content of zinc in the livers 

There is no doubt that further work has to aim ai the inclusion of other 
dements including major ones, such as sodium, potassium and calcium 
and to be backed up with coenzyme enzyme determinations or assessment 
of other mctal-bcaring cellular constituents Future studies should be 
cstended to cellular particles and to other organs in the same species and 
to organs of other species, finishing m the end wtth comparable human 
material. 

Acknouledgemcnis We wish to thank Messrs J F Harringshaw and 
1.. S. Theobald for the bulk anahsis. Dr 1. A. I-lson for the suppl> of 
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sized (Timmis, Cooke and Spickelt, 1956). Known methods 
have been adapted and used fairly extensively. Thus, 2 : 6- 
dichloro-5-nitro- or 2 ; 6-dichloro-4-methyl-5-nitropyrimidjne 
— H or Me) was cautiously treated with benzylamine, 
furfurylaminc, cyclohcxylaminc or 2-amino-6-methylpyridine 
to yield the corresponding 2-chloro-6-pyrimidyIamine (V). 
From this intermediate stage, purines and 8*azapurines con- 
taining a chlorine substituent in the 2-po$ition (II and III, 
R* = Cl) were derived, by reduction with hydrogen and 
Raney nickel to the diamine fVII) and treatment of this with 
formamide at 180® and nitrous acid respectively. 



R ■* H. Mt. a r'=C». SH. NHj RaH, CHj 


R*- benjyl, lurturyl, cycloh<i<yf. ?• pyndyi. 6* mrthyl' 2 * pyri^/l. 



For the synthesis of the corresponding 2-amino derivatives, 
the appropriate 2-chIorO'6*pyrimidyIamincs (V) were treated 
with a hot alcoholic solution of ammonia to yield (VI) from 
which the diamines (VII) were obtained by reduction with 
stannous chloride or with hydrogen and Raney nickel. The 
final ring closures were again efTected with formamide at 
180 ® and with nitrous acid. Where R* in (II) and (HI) was 
6-methyl-2-pyridyl-, a mercapto group was introduced at the 
2-position (R^) by treatment of the appropriate 2-chloro- 
C'pynmidylamine (IX, R = H or Me) with boiling aqueous 
ammonium sulphide solution whereby reduction of the nitro 
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SYNTHETIC CHEMICAL INVESTIGATIONS 
RELATED TO THE METABOLISM OF PURINES 

G. M. Timmis, I. Cooke and R. G. W- Spickett 

The Chester Beatty Iteseareb Institute, Institute of Cancer Research. 

Royal Cancer Hospital, London 

The work which I wish to describe was concerned, from the 
practical point of view, with the search for new drugs active 
against acute leukaemia and possibly other malignancies, and 
also in a more academic way with the eventual study of purine 
metabolism through the preparation of new types of anti- 
purines and the synthesis of purine-.^-oxides, which might 
possibly represent a step in the in vivo oxidation of purines. 

Purine itself and certain simple derivatives (I, R = H, Me, 
Cl, SH) are antipurines (antiadenine or antiguanine) and are 
effective in certain experimental leukaemias or on sarcoma 
180 (Clarke et aL, 1954). With the exception of 6-mercapto- 
purine, however, they are not successful clinically because of 
their toxicity. Since in the biosynthesis of nucleic acid the 
ribose moiety is attached to a precursor of the purine and 
remains attached at the 9-position of the purine moiety 
throughout the synthesis it seemed that, on the basis of 
structure analogy, a sugar residue might be advantageously 
introduced into the structure of potential antipurines at the 
appropriate position; also, toxicity might be lessened by this 
modification. However, recent work (G. B. Brown, this 
symposium) has revealed an unexpected enhancement of 
toxicity, probably attributable to phosphorylation of the 
ribose, when the ribosides of purine and 6-methylpurine are 
compared with the parent purines. These findings suggested 
that, instead of the sugar residue, somewhat similar cyclic but 
non-hydroxylic substituents should be tried. A variety of new 
purines and 8-azapurines (II and III) Avere therefore synthe- 
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Me) with hot formic acid and final ring closure with warm 
dilute sodium hydroxide solution. The S-azapurines were 
formed by reaction with the calculated quantity of nitrous 
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group and replacement of chlorine by the mercapto group 
yielded the diamine (XI). Alternatively (IX, R® =* H) on 



treatment with thiourea in boiling ethanol yielded the 2-wo- 
thioureido derivative (X) from which (XI, R® = H) was 
obtained on reduction with ammonium sulphide. 




The purines were obtained from (XI) cither directly by 
treatment of the hydrochloride with formamidc at 180 ° 
or by intermediate formation of the formamido derivative 
(VIII, = SH, R* = 6-methyl-2-pyndyl-, R* = H or 
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fact attached to the 3-nitrogen atom rather than the 2-carbon 
atom (a conceivable but unlikely alternative) was indicated 
by bcnzoylation of the tautomeric form (5-amino-l-hydroxy- 
2-phenyM : 3 : 4-triazaindene) when the dibenzoyl derivative 
on infrared examination showed the presence of a band at 
1783 cm.-^ indicating an =N-0*C0*Ph group, and not a 
= C*0-C0*Ph group at the 2-position which would have 
shown a band at about 1T25 cm.-* The <5-benzamido group 
was indicated by the expected band at 1676 cm.''* From the 
reaction of 4-amino-S-nitroso-pyrimidines (XX) with aryl 
aldehydes it was not possible to isolate any purine-iV-oxides, 
but the use of the aldehyde-anils led to very rapid formation 
of the required products (XXII). Presumably their relatively 
slow formation in the first case permitted their transformation 
to other products whilst considerable amounts of nitroso 
compound remained unattaeked. Although the postulated 
intermediate (XXI) could not be isolated it seems likely that 
the initial attachment of the aldehyde would be to the amino 
group rather than to the nitrogen of the nitroso group (in the 
oxime form) since it is shown below that acylation with benzoic 
anhydride or benzoyl chloride occurs on the amino group. 

The facile preparation of 6-amino-2-aryM : 8 : T-trioza- 
indene-S-iV-oxides from aryl aldehydes and 2 : 6-diamino-8* 
nitrosopyridinc is probably due to the speed of formation of 
the intermediate azamethinc and to the relative stability of 
the ^-oxide in the acetic acid medium used. 

A property of the 8-arylpurine-7-iV-oxj^es so far mode is 
the remarkable instabiility of the iminazole ring to’irards treat- 
ment with weak acids. Thus 2 : 6-dmmino-8-phenylpurine- 
7-A^-oxide, on boiling for a few minutes with acetic acid, gave 
in good yield equimolar quantities of (XXV) and (XXVII). 
The most probable mechanism would involve the initial 
formation of the hydroxylamine (XXIII), by hydrolytic 
fission of the iminazole ring, followed by disproportionation 
to yield (XXV) and (XXIV) which under the conditions of the 
experiment ivould readily ring-close to yield (XXVII). These 
results are also consistent only with the oxygen being attached 
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acid at 0®. If the reaction was carried out with any excess of 
nitrous acid or at a higher temperature the predominant 
product was the corresponding 2 : 2' bis-azapurinyldisulphide 
(XVIII). In fact, the best method found for oxidizing the 
2-mercapto-azapurines to the corresponding disulphides was 
treatment with nitrous acid. 

Where R* = 2-pyridyl a very convenient new route to (II) 
and (III) was afforded by treating e.g. 2 : 6-dichloro-4-methyl- 
5-mtropyrimidine with 2-ammopyridine to yield (XII, 
R® = Me); this led, on treatment with hot methanolic am- 
monia solution to (XIII, R® = Me) (Spickett and Timmis, 
1955), or by treating with hydrogen sulphide in cold aqueous 
solution to (XIV, R® = Me) and thence to the purine and 
azapurine. 

Compounds of the two series were tested on a purine- 
requiring strain of Esch. coli by Collier and Huskinson (this 
symposium) who found that (XV), (XVI), (XVII) and (XIX) 
(R aa H, Me) showed activity as antiguanines. The degree of 
competitive effect varied from compound to compound. (XV) 
was competitive over a fairly good range and comparison 
showed it to be about three times as active as 6*mercapto- 
purine, as an antiguanine. This compound, therefore, and 
others of the two series will be investigated further in experi- 
mental animals. 

It was suggested at a Ciba Foundation Symposium (Timmis, 
Felton and Osdene, 1954) that purine-N-oxides would be 
worth making as potential antimetabolites. Also, although 
knowledge of the mechanism of action of xanthine oxidase 
in the oxidation of purines argues against any possibility of 
an JV-oxide being an intermediate structure in these cases, 
the possibility perhaps remains that the oxidation of, e.g. 
inosinic acid which is not catalysed by xanthine oxidase, 
might involve V-oxide formation. 

In preliminary synthetic experiments reported previously 
(Timmis, Felton and Osdene, 1954) benzaldehyde and 2 : 6- 
diamino-S-nitrosopyridine reacted to yield 6-amino-2-phenyl- 
1:8; 7-triazaindene-3-A^-oxide. That the oxygen was in 
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to (XXVII) is very facile, unlike the ring closure of 4-amino- 
S-benzamido-pyrimidines (cf. Elion, Burgi and Hitchings, 
1 951 ), was proved by the reduction of (XXV) to (XXIV) with 



an aqueous solution of sodium dithionite at room temperature 

and warming(XXIV) jnnceticacid when (XXVU) was obtained 

in good yield. 

Fig. 1 shows ultraviolet absorption spectra curves for 
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to the nitrogen in the 7-position and not to carbon in the 
8-position. Confirmation is aiTorded by analogy with the con- 
clusion drawn from the infrared examination of dibenzoyl- 
5-amino-l-hydroxy-2-phenyl-l : 3 : 4-triazaindene. 5-Nitroso- 
2:4: 6-triaminopyrimidine on benzoylation yielded (XXV). 
That the benzoyl group was attached to the 4-(or 6-)amino 
group was proved by infrared examination, which showed a 
band at 1653 cm.-i, clearly indicating an — NH-CO-Ph 
group, and ruling out the alternative structure (XXVI) where 
a band at not less than 1760 cm."* would have been shown for 
the = N'O'CO'Ph group. 



XT xn TTTT 

r'. NHj, SM«, R*-Ph, 



jfrvill TTTT 

Confirmation of structures follows from the other reactions 
summarized in (XX) to (XXIX). That the step (XXIV) 
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ENZYMIC CONTROL OF PURINES BY 
XANTHINE OXIDASE 

F. Bergel, R. C. Bray, A. Haddow and I. Lewin* 

The (Zheiler Beatty Beuarch Institute, Institute oj Cancer Research : 

Royal Cancer IlospUat, London 

I WISH to present, in the name of* my colleagues, Bray, 
Haddow and Lewin, and my own, a brief review — ^though very 
incomplete-— of the possible r6Ie of xanthine oxidase as an 
enzyme that controls the general pool of biological purines by 
catabolizing hypoxanthine and xanthine to uric acid. Deeply 
interested in the part played by quantitative differences of 
cellular constituents in the phenomena of cytological nor- 
mality and abnormalities, we accept at present the view that 
the existence of a special pattern (Greenstein, 1954) of, say, 
functional proteins and nucleotides more than just excess 
or deficiency of individual components, may be behind the 
puzzle of malignancy. Nevertheless, we speculate that certain 
enzymes, while integrated with other cotalytic systems into a 
decisive whole, hold key positions, so that their quantitative 
changes in some organs and tissues may be a reflection or even 
a cause of profound cellular upheavals. 

As indicated above, we have made the assumption that 
xanthine oxidase is such a key enzyme. From recent work by 
Abrams and Bentley (1955 a and 6) and others, there emerges 
the picture of a “purine cycle” (Table I, cf. Feigelson and 
Davidson, 1956) which consists of mutual transformations of 
purine nucleotides, nucleosides and bases. I do not wish to go 
into details, but I should like to point out two or three pertin- 
ent features : apart from the formerly established deaminases, 
enzyme systems have been discovered in rabbit bone marrow 
(Abrams and Bentley, 1955 a and b) which are responsible 

* Fellow in Cancer Resear^ of the American Cancer Society. 
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2 : 6-diamino-8-phenylpurine and its 7-A?^-oxide, indicating the 
appearance of a new anionic centre in the i^-oxide, in alkaline 
solution. 
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for amination, in presence of glutamine and a phosphate 
energy source, of xanthylic acid to guanylic and inosinic acid 
— ^%vhich is the de novo entry from purine precursors (Green- 
berg, 1956; Buchanan, 1956) — ^to adenylic acid. More impor- 
tant still, an inosinic acid dehydrogenase has been found which 
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is not identical with xanthine oxidase (it does not affect hypo- 
xanthine), but is dependent on DPN. Thus, in addition to 
xanthine oxidase there exists a second oxidation system, which 
seemingly occurs not only in mammals but also in bacterial 
cells [Aerohacter aerogcnts^ Esch. coli) (Gehring and Magasanik, 
1955; Magasanik, 1056), although the situation there may be 
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points: the activities of our pure Xflnlliinc oxidase preparation 
with DPNH s= D fts substrate and cytoehronie r « Cy as 
acceptor, arc relatively low, and the sample LXOCO is )n* 
effective only in catalysing oxidation of purines and aldehyde 
but IS still capable of dehydrogenating DPNJI. An interesting 
discovery of another group of electron acceptors was mode by 
our colleagues Ross and Warwick (1955), when they found 
that some compounds possessing the nzobcnzcnc structure 
(Fig. 8) were reduced, though at Jow rates, by the system 
xanthine oxidase-xanthine. In order to obtain on indication 
of whether this system would net as a reducing agent under 
biological conditions on carcinogenic derivatives of azobcnzcnc 
we tested it on butler yellow. With this dyestuff, dispereed 
w’ith the help of an anionic detergent, in an aqueous medium 
no measurable reaction could be recorded. In this connection 
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more complex. It links the 6-hydroxypurine column with 
that of the 2 : 6-dihydroxy series. But this does not alter the 
fact that, allowing for the limits of present-day knowledge, the 
sole biochemical exit or leak is that promoted by xanthine 
oxidase in catalysing the hydroxylation of xanthine to uric 
acid, a reaction which in contradistinction from hypoxanthine- 
xanthine transformations has never been shown experiment- 
ally to be reversible. I should add that Klenow (1952) has 
demonstrated the oxidation of adenine by xanthine oxidase to 
2 : 8-dihydroxyadenine. 

Before quoting a number of experimental results which seem 
to support the hypothesis that xanthine oxidase exerts a con- 
siderable influence on the overall equilibria of all the reactions 
given in Table I (cf. Feigelson and Davidson, 1956), I should 
like to give a short resume of the chemistry of xanthine oxidase. 
Although there is no definite evidence yet, the identity or close 
similarity of the holo-enzyme in liver and other tissues of 
various mammalian species, with that from cows’ milk from 
which, among others, we have prepared our concentrates, can 
be assumed. While Kielly (1955) has investigated relatively 
crude preparations from calf’s liver, our crystalline material 
(Avis, Bergeland Bray, 1955; Avis e< ah, 1956) (Fig. 1), showed 
a composition (Fig. 2) very similar to that given by her. 
There is the large proleinous part with 2 FAD, 8 Fe and a 
somewhat changeable content of 1*2 Mo with a total m of ca. 
800,000. Even our best fully crystalline samples still consist of 
a mixture of active and physicochemically closely related 
inactive molecular species, the separation of which we are 
studying at present. So far, we have succeeded in obtaining 
an inactive, fully crystalline metnilonavoprotein which was 
chemically indistinguishable from the cnzymically potent 
samples. The importance of this will emerge in a few moments. 
First let us glance at Table II (Avis, Bergcl and Bray, 1956) 
which gives rates of oxidation of various substrates, X = 
xanthine, II = hypoxanthinc, A = aldehyde in presence of 
oxygen or electron acceptors such as Mb = methylene blue, 

I s= dichloropbcnol-itidophcnoL May 1 draw ottention to two 
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line-sulphonic acid, glutathione, etc. protected only to a very 
small extent. 

This finding has enabled us to make a start with storing 
larger amounts of enzyme for a full scale biological trial to 
confirm or otherwise the preliminary results by Haddow, 
namely that injection of xanthine oxidase concentrates into 
mice of various strains, carrying spontaneous mammary 



Fic. 4. Stabilization of xanthine oxidate by sodiiini salicylate. 

carcinoma (Fig. 5), arrested the growth of the tumours. 
Moreover, the preparation of an inactive, or, as Frieden (1956) 
called it recently in the lysozyme field, “enzymoid” metallo- 
flavoprotein, physicochemically not very different from the 
fully effective one, should enable us to carry out a complete 
set of experiments, ascertaining that the antigrowth effect on 
the mammary tumour is either due to the specific action of 
the enzyme or to an unspecific action of the non-functional 
flavoprotein. I am not going to argue away at this juncture 
the problem of cell-membrane penetration by a giant molecule 
of 800,000 ! 
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it is interesting to recall the findings of Westerfeld, 1 
and Hilfinger (1950), namely that administration of 
yellow to rats decreases the xanthine oxidase activity c 
kidney end blood. 

The instability on storage of purified xanthine ( 
samples made their chemical or biological use, up to a 
date, rather difiicult. The cause of the diminution of a 
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Fio- 3. Azobcnrenc derivatives as electron acceptors of the xanthine i 
xanthine system. 


which occurs with different samples at different rate 
which, ns said before, docs not always include that t< 
DPNH, is still unknoum. It may be due to loss of 
slight changes in the protein structure or in the FAD, 
matte investigations by my colleague Bray have led, ho 
to the discovcr>' that added sodium salicylate ini 
deterioration of the oxidase and dehydrogenase acl 
(Fig. 4), Salicylate proved to be the best stnbiliM 
aspirin, PAS, benzoic acid, uric acid, etc, still exerted n 
able protection, while salicylamide, vcisenc, 8*hydroxy 
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It is of some significance that administration of one of 
the substrates, xanthine, to mice m short-term (14-20 days) 
experiments by FeigeJson, Feigelson and Wood (1954) has 
produced elevation of xanthine oxidase levels and of adenosine 
deaminase in the liver (Table III), while its administration to 
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rats, in long-term experiments by Haddow, gave rise to 
granulomata of which a proportion developed into malignant 
sarcomas. (Fig. 6 shows a microscopic picture of tumour 
tissue, published by courtesy of E. Horning.) So for, esti- 
mations of enzyme levels in the latter series have not been 
carried out; it would be most interesting to see whether 
prolonged injections cause, after on initial rise, a final fa)J in 
xanthine oxidase content in the rat tissues. There is another 
situation in which, due to an extraneous factor, namely virus 
infection, xanthine oxidase activity rises; Bauer (1948) found 
such increase in mouse brain during invasion by different 
viruses, and Sellers and Jann (1954) came to a similar conclu- 
sion (2-2-5 X XO) with respect to mouse lungs infected with 
influenza virus, the enzyme assays confirmed by uric acid 
estimations. An immediate interpretation of these observa- 
tions concerning nucleic acid synthesis by the host for the 
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(d) On the other hand, breast tissue of C-f mice during 
lactation contains 5-6 times as much xanthine oxidase 
as that of adult virgin mice of the same strain. This is 
exclusive of the xanthine oxidase of the milk in the 
hetating mouse, as the new technique of assay eUmia- 
ates the contribution of the residual milk. 


Table IV 

Xantuike Oxidase Duriko Carcinoccnesis uf Slousc Breast 
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Two points are deserving of consideration. First, it 
appears that normal growth which leads to the lactating .stage 
is associated with a rise in xanthine oxidase, while tumour 
growth goes hand in hand with a decrease. Sccondlyj and this 
may alter somewhat the overall conclusions, tumour cells in 
comparison with normal cells usually possess larger nuclei 
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virus cannot be given yet, but it is felt that it has some direct 
or indirect bearing on the key role of xanthine oxidase, particu- 
larly if ope takes into account what Greenberg (1956) and 
Buchanan (1950) had to say on enzymic synthesis of inosinic 
acid, and if one remembers Table I. 

There is one series of results, however, obtained by our 
colleague Lewin, vhich we think gives further proof of the 
validity of our working hypothesis. Lewin has carried out a 
systematic investigation into the xanthine oxidase content of 
breast tissue of female mice in different states of the reproduc- 
tive cycle, mice belonging to the C-f- and C— strains; that is, 
with and without the so-called Bittner factor, or high and low 
cancer strain. In the first instance, he worked out a reliable 
method of assay based on Kalckar’s (1947) method and con- 
sisting of spectrophotometric measurements of the rate of 
appearance of uric acid from xanthine, after tissue homo- 
genates had been subjected to high-speed centrifugation and 
subsequent incubation. This new method has certain advan- 
tages over the hitherto applied one which rests on the reduction 
of dyestuffs, such as dichlorophcnol-indophenol. Lewin pro- 
duced a great number of results which can be summarized as 
follows (Table IV); 

(a) Breast tissues from virgin mice, mated mice that had 
not yet developed tumours, and from mated mice that 
had developed tumours, all of the C-f strain, showed no 
significant difference in xanthine oxidase activities per 
cell. 

(b) Mammary tumour tissue of the same strain had, per cell, 
a significantly lower level of enzyme activity. 

(c) When the non-tumorous breast tissue of the C-f mice, 
which one can assume are in a prc-cancerous state, 
were compared with breast tissue from C — mice, it 
was found that the latter was richer in xanthine oxidase 
per cell. If this activity is taken as 100, the activity for 
C-f breast tissue is 54 and that for the tumour 24 on a 
cellularity basis. 
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and less of the cytoplasmic mass. As nuclei appear to be 
devoid of xanthine oxidase (Villela, Mitidieri and Affonso, 
1955), and this is supported by Lewin’s own observations, 
it is feasible that in consequence there Ls a higher concentration 
of xanthine oxidase in the tumour cytoplasm, although there 
is less enzyme available fop the whole cell. Further studies 
should clarify this situation. 

When estimating xanthine oxidase in mouse livers, altera- 
tion in hormonal balances associated with pregnancy and 
lactation do not affect the enzyme levels. But when our 
colleagues Reid, O’Neal and Lewin (1956) extended these 
assays to livers of rats which had been submitted to hypo- 
physectomy or adrenalectomy, the following interesting 
picture emerged : subsequent to the former, xanthine oxidase 
activity went up and the apparent rate of cytoplasmic RNA 
synthesis and accumulation fell while, following adrenjllec- 
tomy, the opposite effects were observed. 


Summary 

May I finish on the optimistic note produced by these 
results. Of course the situation may be very much more com- 
plex than one is hoping for at this moment. Apart from 
xanthine oxidase a great number of other enzyme systems 
could be involved. But the preliminary results presented here, 
namely arrest of spontaneous mammary tumours by xanthine 
oxidase concentrates, the differences between various mam- 
mary tissues in xanthine oxidase contents, the newly dis- 
covered r61e of some azobenzenes as electron acceptors for the 
xanthine oxidase- xanthine system and the apparent import- 
ance of the enzyme for virus synthesis make it worthwhile, I 
think, to pursue the working hypothesis of xanthine oxidase 
as a key enzyme controlling the purine pool and thus NA 
Synthesis, and to continue with chemical elucidation of this 
fiavoprotein which, for me as an organic chemist, is nearest to 
my heart. 
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body, is readily accessible. It is dear that an understanding of morphogenesis 
in any particular instance will be greatly advanced when, by means of micros- 
copy, the fine structures of the ctlb involved and the structural aspects of 
their interactions are minutely visualised. Acojrdingly the object in this work 
has been to determine, in as much detail as is possible, the life history of the 
individual cells in the several difTerentiating cell streams. 

An account of some of this work (9-11), particularly where it relates to pig- 
ment formation, has already appeared. Tlte present account will be divided 
for convenience into three Parts. Part J will deal with the formation of the 
cortex and the structure of keratin, Part 2 with the aiticle, and Part 3 with 
the inner root sheath. The section describing materials and methods induded 
here applies to all three parts. A description of the outer root sheath, and the 
associated dermal structures of the hair, including the papilla, will be given 
in subsequent papers. 


ifateriolt ottd Methods 

FoHjcJ« from mm, raf, mouse, end shwp hsvt teen studied, but fits report wiU be con- 
fioed to the human foUlcte on which most of the work has been done. In some animaSs por> 
tlons of skin may be excised, fixed, and embedded. This procedure ns not often practicable 
in the human, case; but the simple operation of pluckms was found to provide satisfactory 
material. The parts of the follicle which arc removed by plucking vary from one individual 
to another and also with the particular phase of the hair growth cycle. Tot the limited pur- 
pose of studying the growth of the hair in the steady state, ioOitdta with a well developed 
bulb attach^ were chosen. In most cases the plucked foliicles were without papOla and 
germinal layers, but occasionally the con^lete papilla and its enclosed structures were ot^ 
tained. Immediately after it had been plumed, the root was Immersed is the standard buf- 
fered osmium tetroxlde fixative (25) (1 per cent OsOi and veronal-acetate buffer at pH 7.5, 
cooled to about 5*C.). The follicles were fixed usually for 2 hours, after which they were 
washed, dehydrated, and embedded in the usual way. hfutures of one part methyl and five 
parts butyl methacrylate were used for embedding. Some preparations were embedded in an 
epoxide resin.' A few special preparations of hair or chemically treated hair and wool will be 
described in the text. 

The sections were cut with a modified Ombridge rocker micxotoroe and examined with 
either a Siemens Elmiskop 1 or a Philips EJiI.lOO electron microscepe. 

Location of Microp'aphs 

Longitudinal and cross-sections of the lower quarter of the follicle, which 
includes the whole of the region in which cell growth and differentiation take 
place, were obtained in the course of this study. 

The location of the regions shown in the figures will be facilitated by reference 
to Text-fig. l.I, which shows a longitud/iul soctioa of the lower part of a 
follicle. The follicle is shown divided into two symmetrical halves by a vertical 
line. On the left of this line are shouu the several zones into which, for con- 
venience in the subsequent discussion, the base of the follicle may be divided, 

* Supplied by Aero R«earcb, Ltd., Duxford, Cambridge, England. 
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INTRODUCTION 

This series oi papers will describe the fine structure of the hair follicle as 
revealed by electron microscopy of thin sections. Particular attention has been 
given in the study to the differentiation of the various cell layers and to the 
synthesis of the intracellular products. 

There are many descriptions of the hair follicle in the literature, and the 
most useful have been found to be those by Hoepke (17), Maximow and Bloom 
(21), and Sharpey-Schafer (30) on human hair and Auber (6) on wool. The 
recent book by Montagna (24) contains a valuable review of the histochem- 
istry. 

From the matrix of the follicle (Text*fig. 1.1) six distinct cell streams may 
arise, as a consequence of continuous celt division, to form the hair and the 
inner root sheath. Together these structures comprise* (1) the medulla, (2) 
the hair cortex, (3) the hair cuticle, (4) the cuticle of the inner root sheath, 
(5) the Huxley layer, and (6) the Henlc layer. Layers 1, 2, and 3 comprise the 
emergent hair, layers 4, S, and 6 the inner root sheath. The earlier work by 
light microscopy has shown that the differentiation and development in each 
of these cells arc distinct from those in adj'acent streams. 

The hair follicle is an attractive object for a study of morphogenesis and 
diffcrcnliation for soxral reasons. First the hair is a small organ, not too large 
for survc>'ing at high magnifications with the electron microscope; second 
there arc a\’ailablc extensive chemical ami histochcmical data to be corrclatetl 
with fine structure; finally the organ, since it is on the external surface of the 

• Thi* iivMiijnlion hxi i^eai lupportM by Knnt* to the Cbesicx Brally Rrxarch Initi- 
tute (iRMitute o( Cxnrtr R(»nrtb, Onictr fwn the Bnlah Eirpirc C*nctf 

Jine CoffLT CkiWt Mrnimal Furd lor MctlKal Rrvarch. tbt Anna Fullrr Fund. 
»Rd ibe National Caftf« Ir.iUluie ol tb'- SatWxul Inuttuiwtd llealth, I'r.unJ Siam Public 
Health Sendert. 

Tbr art panlculaii) yratrlul to Mr K G Mo*eman for prejan--!; ibe iHuura. 
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these contacts will be discussed in Parts 2 and 3. In contrast to their behaviour 
in the cuticle and sheath, the contacts in the presumptive cortical cells remain 
locaUsed and intercdlular gaps (up to 2 to 3 ft) are common. These gaps per- 
sist as the cells flow past the melanocyte rest (A/) and leave the bulb. At this 
level (region F, Text-fig. 1.1) they rapidly elongate and the intracellular inclu- 
sions, nuclei, and mitochondria become oriented parallel to the axis of the 
foUicle (Fig. 1.2). 



Text-Fio 1.1 Key to location of electron micrographs The drawing shows a longitudinal 
sectioo of the bulb region of a human hair follicle (shown in full in the inset). P is the papilla, 
R the germinal layer, D dividon re^on, U the undifferentiated matrix, if the zone of melano- 
cytes. The regions of the hair and sheaths, indicated by the small numbers 1 to 6, are the 
cortex, hair cuticle, sheath cuticle, Huxley’s la^r, Henle’s layer, and the outer root sheath 
respectively. The numbers enclosed in squares are those of the micrographs illustrating the 
text. The first number refers to the part and the second to the number of the figure, e 5., 3.1 
refers to Fig 1 of Part 3. The poallon of the square indicates the region covered by tie sec- 
tion. Certam figures, whose location is above the area shown on the diagram, are not indi- 
cated F is the region in which fibrous keratin is formed and K is the beginning of the kera- 
tinisation zone 
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the limits of these zones are only approximate. On the right of the line the 
locations of the various electron micrographs are indicated. The numbers in 
the squares are the numbers of the particular micrographs; e.g., 1.3 is Fig, 3 
of Part 1. In most cases these locations were determined both by light micro- 
scopy of thick sections, cut adjacent to those examined in the electron micro- 
scope and also by low power electron micrographs. The time scale on the 
right hand side has been added to show the rate of movement of the cell stream 
and the duration of the various changes. It has been computed by assuming 
an average value of 0.3 mm./24 hours for the rate of growth of hair (29). 
Since no measurements were possible of the growth rate of the actual hairs 
used, the scale can only be approximate. 

The Formalton of the Cortex and the Structure of Keratin 
OBSERVATIONS 

The Undiferentiated Matrix. — All the cells forming the hair and the inner 
root sheath derive from the undifferentiated matrix (U in Text-fig. 1.1), 
Below this zone is the germinal layer R in which the cells have a columnar 
form and are attached at one end to the basement membrane of the papilla, 
A fuller account of the germinal layer will be given in a subsequent paper de- 
scribing the papilla. The presumptive cortical cells ate derived from the inner 
part of the undifferentiated region U (Text-fig. 1.1); they form the solid 
cylinder of cells, which in non-medullated hairs, occupies the central part of 
the follicle. 

The nuclei of the cells of the matrix are roughly spherical, sometimes with a 
single indentation; they are extremely granular ji^rticularly those regions 
adjacent to the nuclear membrane. The nuclear/cytoplasmic ratio is large 
(Fig. 1.1). Nucleoli are conspicuous and granular. In the zone typical division 
figures were occasionally noted. The mitochondria (Af) are long and thin, but 
otherwise appear normal. There are regions containing clusters of empty 
agranular vesicles, which are similar to the Golgi regions described in other 
cells. The most characteristic feature of the cytoplasm is the numerous 
clusters of small dense particles (ISO to 200 A diameter) (Fig. 1.1 P). The cell 
cytoplasm is relatively empty at this level and no accumulation of amorphous 
material, which might be a precursor of the fibrous keratin, has been observed. 

The cells are rounded, but their surfaces are thrown into numerous corruga- 
tions and finger-like projections or pseudopods. Contact between the cells is 
limited to small local areas, which are made conspicuous both by the increased 
density of the membranes and also by the material which occupies the space 
between them (120 to ISO A). Contacts of a similar, but more elaborate kind, 
are very conspicuous in the outer root sheath and in the epidermis (28, 33). 
In the presumptive cells of the cuticle and sheaths these contacts spread and 
the surface irregularities are smoothed out. The morphogenetic importance of 
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Although sections of the fully hardened hair can be cut only with difficulty, 
the rwults have shown (Fig. l.S) that the keratin has a rather uniform appear- 
ance in cross-section and the fibrillar structure is rarely visible. In unstained 
and unfixed material the cell membranes, nuclei, and other condensed inclu- 
sions, appear more dense than the keratin. When the keratin is removed, by 
first oxidising the cystine with peracetic acid and then extracting the oxidised 
protein with dilute alkali (1), these non-keratinous constituents are readily 
demonstrated (Fig. 1.9). The fibrillar structure in hair becomes more apparent 
after prolonged treatment of the hair in the osmium fixative, or after a pre- 
liminary reduction combined with heavy metal staining. 

DtSCDSSIOI^ 

Differentiation in the Bulb . — A d&cussion of differentiation will be found in 
Parts 2 and 3 of this series following the description of the cuticle and inner 
root sheath. However, one aspect of the cell membranes may be conveniently 
discussed here. In the matrix {M, Text-fig. 1.1) the outlines of the cells are 
very irregular and intercellular gaps are common. These features may be 
interpreted as evidence of flexibility and lack of adhesiveness of the plasma 
membranes. In the presumptive cortex, in contradistinction to the cuticle 
and inner root sheath, this condition persists until the level of the neck of the 
follicle. The long melanocyte processes seem able to take advantage of the 
gaps to penetrate between the cells (10). Ibexr tips, packed with pigment 
granules, have been found someiimes completely within cortical cells and 
sometimes partly enveloped by the cell membranes. It is possible that an 
active phagocytosis by the cortical cells is the mechanism by which the pig- 
ment enters the cells. 

Ptotein Synthesis . — All the cells of the matrix have similar Qioplasmic 
constituents, although they subsequently make very different products. 
There are many mitochondria, a few agranular vesicles (Golgi vesicles ?), 
and many small dense particles 150 to 200 A, that may be identified with 
Palade's ^'small particulate component’^ (26). The cells are rich in ribonucleic 
acid (16, 24). There is no organised endoplasmic reticulum (27), but the 
particles associate in small clusters, which later become centres of a denser 
ground substance. A similar situation is found in skin (28, 32), and may be 
common to all epidermal cells. In the cortex, when keratin filaments appear, 
they bear no obvious spatial relation to the particles, suggesting that any pr^ 
cursor formed on the particles passes to the filaments in a form, which is 
either not preserved, or too small to see. These ^idermal cells function for a 
short time only (48 hours) and accumulate their products without secreting 
them externally. This is quite a different situation to that found in secretory 
cells which continuously synthesise and secrete protein; these cells develop 
an elaborate reticulum. 
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In the mid- and upper part of the bulb (region F, Text-fig. 1.1) the gaps be- 
tween the cortical cells are occupied by the long processes of the melanocytes. 
Pseudopods still project from the cortical cells at this level and seem active in 
the neighbourhood of the pigment-bearing ends of the processes. Occasional 
bundles of pigment granules, surrounded by two membranes, have been found 
within the cortical cells. 

The Formation of Keratin . — Fibrous keratin first appears as wispy clumps 
of fine filaments in the cells of the mid- and upper bulb (P in Text-fig. 1.1). 
These filaments, less than 100 A in width, which seem to be definite struc- 
tural units, are oriented parallel to the elongated nudei, mitochondria, and the 
long axis of the cell. There is no obvious coimection between the filaments and 
the dusters of dense particles. The particles seem to reside in patches of amor- 
phous ground substance (Fig. 1-3). 

As the cells move towards the neck of the bulb, the bundles of filaments 
rapidly increase m length and width by the accretion of further filaments, until 
they reach a siae visible in the light microscope. Histologists have previously 
refened to these fibrous -structures as fibrils, therefore this term will be used 
here for such aggregates of filaments, but without restriction as to size. Many 
fibrils lie close to and parallel to the nuclear and cell membranes and some are 
twisted slightly around their long axis. The pigment granules lie in rows be- 
tween the growing fibrils. 

Keratinisation . — Above the constriction of the follide is the region (A) 
(Text-fig. 1.1) referred to as the zone of keratinisation (6, 14). Here both the 
large fibrils and their component fine filaments become more dearly defined 
(Fig, 1.4). This is partly due to an increased regularity in the packing of the 
fine filaments, which over considerable areas approximates to hexagonal close 
packing, and partly to an increased contrast resulting from the appearance of 
a denser material between the filaments. The filaments within the fibrils now 
appear light on a darker ground (Fig. 1 6). Cells in which this change had 
occurred were found contiguous to others yet imchanged {Fig. 1 4). In addition 
to the hexagonal arrangement of the fine filaments, other patterns resembling 
those of finger prints are common. These patterns will be referred to as “whorls" 
(Fig. 1.7). 

The large intercellular gaps, common at a lower level, disappear in the 
neighbourhood of the neck of the follicle. However, higher in the keratinisation 
zone, a uniform dilation of the membranes occurs, which results in a final 
sparing of about 200 to 250 A. A similar separation of cell membranes occurs 
in the cuticle and sheaths and will be described in Parts 2 and 3. 

In the keratinisation zone more filaments together with inlerfilamenious 
material are added to the existing bundles of filaments, which become rather 
more imiform in diameter. Finally many fibnls fuse laterally to form large 
masses in the interstices of which the nuclear and cytoplasmic remnants are 
trapped (Fig. 1.5). 
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Keratin, using this name for the hardened fibrils which ultimately fill the 
cells of the cortex, would thus not be of uniform composition at the electron 
microscope level. In a sense it may be said to consist of two proteins in close 
association, one of which is fibrous and the other amorphous (Text-fig. 1.2). 
It is desirable in view of the importance of this concept to point to chemical 
evidence in its favour. Goddard and Michaelis (15) dissolved wool in alkaline 
thioglycolate solution and fractionated it into two proteins. Similarly Alexander 
and Earland (1) oxidised wool with peracetic acid to destroy the cystine cross- 
linkages and extracted the keratin with dilute ammonia. The residue (Fig, 1.8) 
consists of cell membranes, nuclei, and other cytoplasmic constituents (23). 
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Text-Fiq. 1.2. («) Proposed stracture of the Iteratifl fihriJs showing the c-filawents eio- 
bedded in a continuous, amorphous, interfilameotous cement (y). The o>fihioents are about 
60Aia diameter and are considered to be responsiWe /or the a-type x-ray pattern. Ideally 
the armogement o! tbe filaments is hexagonal, but more frequently the whoi) structures (i) 
and (f) appear. 

(b) and (c) Arrangements of filaments within tbe keratin fibrils giving the appearance of 
whorls or finger prints which are shown In Fig. 1.7. The association of the filaments may be 
stronger in one direction than in the other. The spirals, which may be single (6) or multiple 
(as in c), develop around areas of quasibexagonal packing, perhaps as a result of a dislocation 
The geometrical similarity to surface structures formed during crystal growth may be noted. 


The e.xtract may be fractionated into two main constituents, one a fibrous 
protein (a-keratose) which gives the same oriented x-ray pattern as hair, and 
the other a lower molecular weight, higher sulfur content protein (y-keratose) 
incapable of being drawn Into fibres. It seems likely that o-keratose is derived 
from the a-filamenls and y-keratose from the interfilamentous cement. Ac- 
cordingly the designations a- and ■y-keratin will be used to label the two 
constituents of the keratin complex (Text-fig. 1.2). Alexander and Hudson (1) 
report that the y-keratose amounts to 30 to 40 per cent of the extractable 
keratin of wool. The approximate figure, derived from the areas of the two 
constituents in the cross-section of fibrils in hair, is nearer to SO per cent. 
This may be regarded as good agreement, since the amount of y-keratin to be 
expected from the hair (5 per cent sulfur) is greater than in wool (3.5 per cent 
sulfur). 
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Keralin Formalion.— The fonnation of the fibrous keratin itself can be 
divided into two stages, first the formation of fine filaments and second the 
condensation of these into larger fibrils. 

The filaments begin to appear in quantity in the upper bulb, \vhere it has 
previously been sho^vn (31) that the birefringence rises rapidly. An oriented 
a-type x-ray diffraction pattern can also be obtained from the follicle im- 
mediately above the constriction (22). There is little doubt therefore in identi- 
fying the filaments as the crystalline fibrous component of keratin. Porter 
(28) and Selby (32) have described the appearance of similar bundles of fine 
filaments in epidermal cells. They will be referred to as a-filaments, and it is 
considered that their internal structure b essentially imchanged in the final 
hair. Their diameter cannot be measured very accurately at this level, but it 
is substantially less than 100 A. At a higher level, where it is possible to make 
more accurate measurements, the diameter lies between 60 and 80 A. In 
longitudinal sections the filaments reveal a granular appearance, which may 
be due to a poorly resolved fine structure. 

The filaments, when first formed, cluster in loosely knit bundles which may 
be tactoids. They are oriented parallel to the fibre axis as soon as they appear. 
This orientation, which is common to all components of the cortex, may be 
due to the narrowing of the follicle above the papilla tip, which constrains 
the cells to adopt a long spindle shape. The nuclei suffer the same deformation 
and the elongated mitochondria are also oriented. 

The subsequent condensation of the filaments into more coherent large 
fibrils seems a different type of association which can develop suddenly cell 
by cell (Fig. 1.4). The most remarkable feature b that the filaments are now 
seen to be separated by a new substance which b denser than the filaments 
themselves. Because it improves the compactness of the bundles of filaments, 
it may be inferred that it functions as an adhesive cement. The appearance of 
this interfilamentous cement coincides with the rapid increase in the thiol 
(SH) content of the cortex (13, 16, 24). Bahr (7) has emphasised that there b 
a strong reaction between osmium tetroxide and cysteine or cystine. Further 
the length of the follicle which is stained a very dark brown by the fixative 
coincides with the keratinisation zone. Therefore as the osmium functions as 
a vbible stain for thiol groups in this region, it may also function os an electron 
slain. Assuming that the high apparent density of the interfilamentous sub- 
stance b due to its osmium content, it may be inferred that this substance has 
a higher c>*steinc content than the filaments. 

The “whorl” structure shown in Fig. 1.7 and Text-fig, 2 (6) (10) becomes con- 
spicuous as keratinisation increases, although areas of hexagonal packing per- 
sist in the centre of ihe fibrils. The interpretation of the whorb cannot be defi- 
nitely csublished from our present data. However lhc>* may indicate a small 
twist in the bundle of filamenis developing in the Later stages of growth. 
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Mflny of tbo tulcwsrapbi wntain den^e spherical panicles, often aggregated, tbes! 
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Vu\. I tv Attelev'lh'n odetograph of cells of the undifferentiated matrix of thelii 
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t,\l V VoM^I elnwnt* (<I), and numerous dense particles (F), The wide isteTcdhffsr 
VM\'» heie enhanctxf hy jir>iion>. suggest that the ctlhilar adhesion is poor. 

\y s\\Us>Y* hsw numenm* fingeMihe p<eudopods (S). x 16,000. 

ho 1 ^ A Kvifitodinal sectipn of the cortical cells in tie mid-bulb recica wise 
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JRelolion io X-Ray Diffraction Da<o.~The wide-angle, fibre-type x-ray 
diffraction pattern (a-pattem) common to all mammaUan keratins ( 2 , 8 , 20 ) 
must arise from the oriented a-filaments. The slight twist of the bundles of 
filaments, which is inferred from the existence of the whorl structure may 
contribute to the ardog of the diffraction spots. The 7 -keratin presumably 
contributes only to the diffuse haloes, which are found in all the x-ray photo- 
graphs (4, 5). That the sulfur is largely in the amorphous fraction is cor- 
roborated by the fact that reduction of cystine followed by substitution of the 
H of the thiol group by alkyl radicals, makes little change in the fibre-type 
pattern. Any attempt to relate the chemical composition to the crystalline 
structure of the a-fllaments is difficult, as Astbury has pointed out (3), in the 
absence of determinations 6 f the amino acid composition of the two separate 
fractions, oc- and 7 -keratm. 

The small-angle x-ray diffraction pallem given by many keratins contains 
both lateral and longitudinal spadngs ( 8 , 20 ), indicating structures within the 
range of electron microscopy. The lateral spadngs of the order of 70 to 80 A 
may well arise from scattering by the complex, "filaments plus cement." This 
complex consists of a ^tem of todlcts (diameter co. 60 A), in approximate 
hexagonal array with centres spaced 70 to 80 A apart, embedded in cement of 
different scattering properties. The longitudinal long spadngs cannot be ac- 
counted for so readily. The filaments appear granular in longitudinal sections, 
which suggests a poorly resolved fine structure, but no regular spacing of the 
order expected (100 to 200 A) has been observed. 

Com/iartjon m'fft £fcrfron Microscopy of Fragments of Fibres . — The present 
condusions concerning the structure of keratin are in good agreement with 
those drawn from an examination of fragments of fibres which have been dis- 
integrated by chemical procedures designed to reverse the process of keratinisa- 
tion (19). Farrant, Rees, and Mercer (12) reduced, ethylated, and digested 
wool with pepsin to free the fibrils and obtained suspensions of fine filaments 
about 100 A in diameter; these are probably the same structures as those now 
found in sections. Similar preparations have been obtained by Jeffrey, Sikorski, 
and Woods (18), who, however, report that their filaments are assodated in 
sheets. There is, in many sections (Fig. 1.7) of the whorls, a suggestion tnat 
the filaments are attached to the adjacent unit more strongly in the tangential 
direction than in the radial one; certain forms of disintegration might separate 
these into sheets. 

5UMUARY 

1. The presumptive cortical cells of hair in the undifferentiated matrix of 
the bulb contain mitodiondtia, agranular vcsides, and many small dense 
R.N.P. particles, but no keratin, pigment granules, or endoplaanic reticulum. 

2. In the mid-bulb regjon intercellular adhesion is limited to small localised 
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areas. Intercellular gaps are common and the cell surfaces are irregularly con- 
voluted. The melanoqrte processes penetrate the cell gaps. The relation 
between their pigment-bearing tips and the involutions of the cell membranes 
suggests an active phagocytosis of the tips. 

3. Fibrous keratin first appears in loose parallel strands of fine filaments 
(ca. 60 A diameter) in the mid-bulb. The filaments, the long mitochondria, and 
elongated nucleus are all parallel to the long axis of the cell and the axis of 
the follicle. 

4. At the level of the constriction of the bulb and above, a dense amorphous 
substance appears between the fine filaments and apparently acts as adhesive 
cement. The bundles of filaments now form well defined fibrils. The packing 
of the filaments within the fibrils is in places hexagonal and elsewhere in the 
form of “whorls.” 

5. At higher levels further filaments and interfilamentous cement are added 
together and the whole Qrtoplasmic space becomes packed with fibrils which 
finally condense to massive blocks of keratin. The residual cellular material 
occupies the interstices. 

6. The addition of the interfilamentous substance is regarded as an essen- 
tial factor in keratinisation. Keratin is considered to be a complex made of 
fine filaments (a-filaments) embedded in an amorphous substance (y-keratin) 
which has the higher Qrstine content. 

7. The wide-angle fibre-type x-ray pattern is thought to be due to scatter- 
ing by the fine a-fi!amenls and some low angle lateral spadngs to the filament- 
plus-cement structure, 
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EXPLANATION OF PLATES 
Plate SO 

The magnifications of the electron micrographs are indicated by a line with the 
length shown 

Many of the micrographs contain dense spherical particles, often aggregated, about 
200 A diameter. These are particles of colloidal gold, which are added to facilitite 
focusing. 

Fic I.l. An electron micrograph of cells of the undifferentiated matrix of the hair 

bulb (region Text-fig. 1), These cells have a high nuclear/cj'toplasmic ratio The 
nuclei {!f) and nucleoli (n) are conspicuous. The cytoplasm contains mitochondna 
(If), Golgi elements (G), and numerous dense particles (P). The wide mterceDubf 
gaps (pojsibly here enhanced by fixation), suggest' that the cellular adhesion b poor. 
The surfaces have numerous finger-like pseudopods (S). X 16,000. 

Fio 1.2. A lonptudinal section of the cortical cells in the raid-bulb region 
keratin filaments are rapidly accumulating. The cells are greatly elongateil in the 
direction of the ajus of the growing hair. Intercellular gaps appear at G and cell cw* 
tacts at C. The mitodbondria (if) are elongated and oriented. Ousters of dense par* 
tides (F) fill the cytoplasm. Fibrils of keratin (F) are seen running parallel to the foni 

axis of the cells X 24,000. ^ 

Instl —Micrograph at higher magnification of a fibril (F), which consists da 
arsociation of filaments (f). X 80,000. 
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PlATE 51 


Fig. 1.3. Cross-section of Hvo cortical cells in the upper bulb region ^about the 
same level as Fig. 1.2) showing cross-sections of fibrils at F. Cell membranes (B) 
showing gaps (C) cross the field. An elongated mitochondrion is cross-sectioned at 
The fibrils are loose and poorly consolidated in comparison with later forms (e/. F/gs. 
1.5 and 1.8), X liO.OOO. 

Fio. 1 .4- Cross-section of portions of two cortical cells immediately above the con- 
striction of the bulb. Two adjacent cell membranes cross the field in a sinuous curve 
separating the two cells. These two cells show different degrees of keratinisalloo; the 
lower cell is at an earlier stage than the upper. The bundles of icratln filaments in 
the lower cell are less densely stained and relatively poorly organised. In the upp'er 
cell the bundles are more deeply stained (higher cysteine content) and a regular m- 
temal structure is developing, (quasDiexagonal at Hand In whorls at 11’). The bundles 
are more discrete and coherent and now may be recognised as fibrils. X 120,000. 









PtATE 52 

i'lG 1.5 Cross-section of cortical cells in the upper keratinous zone showing an 
advanced stage of fibril formation. Nuclei (A') arc granular and condensed but their 
membranes can still be seen. Cell membranes appear at B The large Icerafm fibrils 
arc shown in cross-scction and almost fill the cytoplasm. Their diameter varies and 
some are fusing into massive formations xvhich run parallel to nuclear and cell mem- 
branes, but from which they are separated by a distinct gap Other cj’fopJasmtc com- 
ponents (particles P a*nd mitochondria 2/) arc croivded within the interfibrillar space. 
Sections of pigment granules are shoivn at G. X 24,000. 

Fic. 1.6. ^f^crograph at higher magnification of a.' cross-section of a cortical cell 
in the upper keratinous zone (same as Fig. 1.5) showing cross-sections of several mas- 
isive keratin fibrils The fine filaments (a-keratin) appear light on the darker ground 
(y-keratin). It is probable that the interfilamentous material is strongly stained by 
reaction with the osmium fixative, presumably due to its high cysteine(eystine) con- 
tent. (See Text -fig 2 ) 

The filaments within the fibnlsare in some areas packed ina quasihexsgonal array; 
in other areas the whorl formation may be seen (see also Fig. 1.7). Fusion of the fibrils 
into a larger continuous structure of rather uniform texture may also be seen The ill 
formed material between the fibrils is the cytoplasmic residue X 120,000 

/nsei show s a reversal of a portion of the section. Here the filaments appear as dark, 
dots on a fight ground X 120,000. ' 
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PlATE S3 

Fig. 1.7. Cross-section of a part of a cortical cell m the upper keratinous zone with 
keratin fibrils showing whorl formations. These formations become more obvious as 
keratinisation proceeds, and may be due to the packing of the fine filaments which is 
a result of the cementing action of the dense Interfilamenlous cement (y-kcratin in 
Text*fig. 1.2). In some limited areas particularly in the centre of the fibrils the 
packing is hexagonal; peripherally (he structure usually developsa whorl, characterised 
by the sections of the filaments (light areas) forming parallel lines separated by darker 
layers of cement X 80,000. 

Fio. 1.8 Cross-section of the cortex of a fully hardened hair showing the homo- 
geneity of the condensed keratin {A') Pigment granules (P), the Interlocking cell 
membranes (5), which are denser than the keratin, and \-arious dense cytoplasmic 
Inclusions {D), may be seen. X 12,000. 

Fic 1.9. Cross-section of the cortexat the same level as Fig, 1 8 after the extraction 
of the keratin (for method see text). The cell membranes remain as dense structures 
(5), nuclear and other remnants appear at N. The membranes appear as double lines 
at arrow and an intermembranal deposit is still present, X 25,000. 
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papilla height, between the bwer and mid-bulb. This smoothing out is 
the result of small areas of contact being formed between successive cuticle 
cells (Fig. 2.1). In these areas,' which are initialiy only about 1 micron in 
diameter, the two plasma membranes ran strictly parallel about 100 to 150 A 
apart. The gap between them is filled with a materiai, which although less dense 
than the plasma membranes themselves, is significantly more electron-scatter- 
ing than the material in the wider intercellular gaps (Teat-fig, 2.1iS, Fig. 2.2). 



TexT-FiO. 2.1. A diagrammatic repteseautim ci the various eppearaDCes of cuticle cell 
membranes. A represcats the two membraneaof two adjac^t malm cells. S iodicatea the first 
localised contacts, with cell cement between, and C the complete contact of two cells Z> shows 
the intercellular layer higher up the cuticle, aod E the final appearance of the membranes in 
the emergent hair. 

The plasma membrane itself increases either in density or in thickness in these 
areas. There is a similar observation by Potter (8) on the epidermal cells of 
Atnblysloma larvae in which he described a thickening of the membrane. How- 
ever the fibrous intracellular tufts observed by him were not seen in the hair 
cuticle. 

These areas of contact rapidly increase both in number and in area, so that 
at a level of about half the height of the papilla, thej* have completely spread 
over thft surface between the cuticle cells (Text-fig. 2.1C). Although the cells 
of the inner root sheath are also in dose contact at this level, the cuticle cell 
membranes are denser and easily distinguished (Fig. 2.3). The cementing^ to- 
gether of the surfaces of the culidc converts the unorganised irregular cells into 
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INTRODUCTION 

The cuticle of the hair is derived from the cells in the centre of the matrix of 
the hair follicle. As these matrix cells move upward, a special cylinder, one cell 
thick, differentiates and finally becomes the highly keratimsed, scale-like cells 
of the emergent hair. 

In an earlier work (2) using the sectioning method a few incidental obser- 
vations on the cuticle were made. Except for this work the only other observa- 
tions using the electron microscope have been obtained on wool either by the 
replica method (12) or by disintegration methods (5). 

Details of the materials and methods which have been used in this investiga- 
tion are described in the first paper of this senes. 

OBSERVATIONS 

The morphology of the undifferentiated matrix cell has been described in 
the first paper of this series, and therefore the description of the cuticle will 
start with the first detectable change in this layer of cells. One observation on 
the plasma membrane of the matrix cell must, however, be described again, 
for it is this particular structure that is the first to be modified in what repre- 
sents the first step in the differentiation of the cuticle. The membrane of the 
matrix cell appears in an electron micrograph as a thin black line which out- 
lines the cell. This outline is extremely irregular; the cell surface is thrown 
into numerous pscudopods and invaginations (Text-fig. 2.M and Fig. 2.1). It 
is the smoothing out of the membrane that is the first delectable sign 
of the differentiation of the cuticle. This occurs at about a third of the 

• This investigation has been supported by grants to the Chester Beatty Research Insii- 
tulc (Institute of Cancer Research, Royal Cancer Hospital) from the British Empire Cancer 
Campaign, Jane Coffin Childs Memorial Fund for Mnlical Research, the Anna Fuller Fund, 
and the National Cancer Institute of the National Institutes of Health, United States Public 
Health Service 

The authors are particularly grateful to Mr K C Moreman for prepanng the illustrations. 
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plasm condenses and the small gap between the keratin and the outside mem- 
brane of the cell disappears. The resulting cell appears almost homogeneous 
(Fig. 2.7). The fine structure of the intercellular layer is also lost at this stage 
leaving only a broad band between the two cudde cells (Text-fig. 2.1E}. The 
cell now appears as a rigid dehydrated structure and it is presumed that no 
further morphological changes take place. In the condensed <ytopIasm of the 
cell the nucleus remains as a flattened disc along with the remnants of mito- 
chondria and other inclusions. 

Some of the details of the final transformations of the cuticle celi are obscure 
owing to technical difficulties. The hardness of the fully keratinised structures 
makes sectioning difficult and the homogeneity of the oandensed cell gives poor 
contrast. However, by e-tamining the final hair after various chemical treat- 
ments, a few additional observations were made which confirm the structure of 
the cuticle cell. 

^Vhen the residue resulting from prolonged digestion of hair by trypsin was 
sectioned, it was possible to identify cutide remnants (Fig. 2.8). The layer 
corresponding to the condensed rytoplasm is removed, while the keratinised 
component remains intact. In a seojnd experiment, hair was oxidised v\ith 
peracetic acid and then extracted with ammonia to remove the keratin type 
protein (1), Sections of hair treated in this way (Kg. 2.9} show that the kcra- 
tinised region of the cell has dissolved, but that the dense outer layer and the 
condensed cytoplasm remain. In a third experiment hair was fixed for an ex- 
cessive time with osmium tetroxide, in an attempt to stain the cystine compo- 
nent of the cuticle cell. Sections of this hair (Fig. 2.10) again show that the 
keratinised region may be distinguished from the condensed cytoplasm and the 
ressstaot outer layer of the cell 


DISCUSSION 

Diferentialion of Ihe CuttcU. — In a differentiated tissue the plasma mem- 
branes are usually seen in sections as thin parallel lines separated by a rather 
constant distance of the order of 100 to 150 A. On the contrao' in the undif- 
ferentiated matrix of the hair follicle, as pointed out in Part 1, the cell surfaces 
are wrinkled and intercellular gaps are common. Close contact, with a spacing 
of the order of 100 to ISO A, fe found only over very limited areas. This situa- 
tion suggests that the membranes of undifferentiated cells are not very sticky. 
In the presumptive cuticle immediately above the matrix, the areas oi close 
contact increase and, as a consequence, the gaps disappear. This development 
occurs a little later m the inner root sheath. In the presumptive corte.r, on the 
other hand, the gaps do not disappear until the cells reach the neck of the bulb 
(Text-fig. 1.1 inPartl). The existence or absence of intercellularadhesion thus 
seems to be an early manifestation of differentiation. 

The spread of the area of contact between cells seems to be due to the sur- 
faces becoming more sticky and the substance responsible for this change could 
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an organised layer of cuboidal cells. It is a rapid process and is completed in 
the raid-bulb region of the hair follicle at the melanocyte level (A/ in Text-fig. 
1.1, Part 1). As mentioned in part 1, the cortical celk become pigmented at this 
level— the cuticle is never pigmented. 

The next change which the cuticle cell undergoes is primarily one of shape; it 
is a slow change which is not complete until above the level of follicle constric- 
tion. The cuboidal cells, already described, are sheared into the imbricate 
condition seen in the final cuticle. During this process there are a few intra- 
cellular modifications but no sign of keratin s)rnthesis. A polarisation develops 
which is shown by the nucleus moving toward the cortical side of the cell 
(Fig. 2.3) and by the Golgi complex moving to the perinuclear zone away from 
the cortex. As the cell tilts the nucleus moves to the low'er end of the cell and is 
squashed into a disc-like shape; but its internal structure is unchanged. 

The other modification observed in the cuticle cell during this stage of its 
development is the production of an amorphous or perhaps a very fine granular 
(<50 A) material, which lines the inner side of the plasma membrane to a depth 
of several hundred angstroms (Fig. 2.4). The plasma membranes themselves 
remain as single dense lines about 150 A apart. 

The cuticle cells reach their final imbricate condition at a level about two to 
three times the height of the papilla or 400-500 n from the germinal layer. At 
this point there occurs simultaneously the formation of a number of inter- 
cellular sheets and the first appearance of keratin. It was observed that, in 
several hairs, this particular level of the cuticle coincided with the level at 
which the trichohyaline of the Henle cells becomes fibrous (see Part 3). The 
two plasma membranes separate to about twice their original width and sheets 
of dense material appear in the enlarged mtctcellular spaces. These sheets con- 
sist of two thin very dense layers separated by a central, thicker, less dense 
layer which is sometimes divided by another thin, dense layer. The whole com- 
plex is separated from the adjacent plasma membranes by narrow light spaces 
(Figs. 2.5 and 2.6, Text-fig. 2.1D). 

An intercellular complex occurs also between the inner root sheath cells (see 
Part 3) and therefore its significance will be discussed in the third paper of this 
series. 

The keratin of the cuticle first appears as small amorphous droplets about 
300 A in diameter (Fig. 2,5) They move towards the sheath side of the cuticle 
cclVand coalesce in larger lumps which remain separated from the plasma mem- 
brane by a narrow space. The keratin, as it collects, tends to form "bare” with 
small gaps which run toward the cortical side ol the cell (Fig. 2.6). 

The deposition of keratin continues for several hundred angstroms until the 
bare of keratin extend inwards about two-thirds of the cel! width (Fig. 2.6). The 
spaces between the bare are then filled to form a solid mass of keratin occupying 
lwo-ihird» of the cell. Simultaneously w ith this last stage, the remaining cyto- 
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hair with the light microscope, have attempted to explain the upward tilt of 
the distal ends of the cuticle cells by supposing that the inner root sheath moves 
more rapidly than the cortex. There is no convindng electron microscopic evi- 
dence for or against this hypothesis. However, since the flattening of the cuticle 
cells could be explained by Schmitt’s hypothesis of a zipperAske spread of cell 
contacts, it may be possible to extend the theory to account for the tilt of the 
cells. It would be necessary to suppose that the cuticle cells stick more strongly 
to the inner root sheath than to the cortex and creep upwards at their distal 
tips. This would provide a bias to ensure that the cells would tilt in the ob- 
served direction as the cell formation narrows at the neck of the follicle. 

Keralinisation of iht CuHde. — ^The cortical cell starts making fibrous kentin 
at the mid-bulb level, while the production of the amorphous keratin in the 
cuticle starts a distance of several hundred micra later. It is known that the 
cuticle keratin differs from the cortical fibrous keratin in ha%'ing a higher sulfur 
content (3). Its high electron density would also suggest a high concentration 
of — SH; it therefore might be similar to the high sulfur component of the cor- 
tex (y-fraction), which is amorphous, and also appears at about this level. (See 
Part 1.) The residue of the cytoplasm, which occupies the inner region of the 
flattened cell (Fig. 2.6), also undergoes a chemical change and becomes insoJu- 
ble m keratinolytic solvents. 

The distribution of keratin in the cuticle, filling only the outer region of the 
cell, demonstrates the radial polarisation of the cuticle, which was also shomi, 
by the position of the nucleus and the Gol^ complex, at an earlier phase of the 
cells’ development. In this respect the cuticle is unique, since all the other cell 
layers of the hair have an axiai orientation. Ibis layered structure of the cuticle 
agrees with that earlier inferred from electron microscope studies on fragmented 
wool cuticle cells (5). 

In addition to the keratinised region and the condensed cytoplasmic region 
of the cuticle cell, there is also a thin outermost layer whidi is particularly re- 
sistant to both trypsin cflgcstion and keratinolytic attack (Figs. 2.8 and 2.9). 
This layer may be derived either from the extracellular sheets or from the small 
gap between the plasma membrane of the cell and the kcratm layer, which may 
fill with a resistant material. Unfortunately, not only is the derivation of this 
layer unknown, but also the nature of the layer on the outermost cuticle cell is 
uncertain. The membrane complex that forms between the hair cuticle and 
the cuticle of inner root sheath, is somewhat different from the intercuticular 
sheets; hut the fate of this membrane, when the inner root sheath breaks down, 
was not observed. 

, This resistant layer on the surface of the cuticle may be related to the exist- 
ence of a thin resistant membrane called the “epicutide." This structure has 
been postulated to explain the production of bubbles and continuous tubules, 
which am be separated from the hair by various chemical treatments (5). If 
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be the material of low “electron density ” whidi is observed between the plasma 
membranes when these are in close contact (Text-fig. 2.1B, Fig, 2.2). The early 
formation of this adhesive, mtercellular substance could thus be a crucial 
step in the differentiation of the cuticle. 

The increased adhesion and the increase in density of the plasma membranes 
themselves may be factors controlling other aspects of the development of the 
cuticular layer. Schmitt (10) has shown how a zipper-like spread of the area of 
contact can convert a layer of cells into a columnar formation. The observed 
changes in the cuticle seem very like an illustration of this suggestion. Further, 
the dense, well cemented membranes could easily be supposed to deprive the 
cells of food and account for their slower rate of synthesis 
In Part 1, it has been suggested that the cell membranes of the cortical cells 
actively participate in the acquisition of pigment by the phagocytosis of the 
melanocyte tips. Such an activity would be impossible were the cell membranes 
firmly cemented together. Since this is the case at the level where the melano- 
cyte processes reach the presumptive cuticle, it may account for the absence of 
pigment in this layer and in the inner root sheath. 

Cell Membranes . — Electron micrographs of most cells show that the cytoplasm 
is bounded externally by a thin, dense membrane which may be called the 
plasma membrane. Although this membrane is usually less than 30 A thick, it 
can be thickened and increased in density locally to form the nodes, described 
in epidermal cells by Porter (8), Selby (II), and Sjdstrand (13), and observed, 
in the present work, in the outer root sheath of the hair follicle. 

Whether the other layers, often associated with the plasma membrane, are 
to be regarded as part of the cell membrane is probably largely a matter of 
definition. When cells are in close contact in a stabilised tissue, the intercellular 
space (about 100 to 150 A wide) is occupied by a material of rather low elec- 
tron density. This material, which appears to function as a cement, might be 
regarded as part of the “cell membrane complex.” Robertson (9) for instance, 
arguing from bis observations on the myelin sheath, has suggested that this 
Surface layer, which he supposes is composed of several lipide layers, is an in- 
tegral part of the cell. However, the observations on epidermal cells show that 
neither the plasma membrane nor the external layer is constant in morphology. 
Moreover the external layer seems to be present only between cells in contact 
and for this reason it may be best regarded as an extracellular secretion. 

A third component which is associated with the plasma membrane, is the 
amorphous layer coating the cytoplasmic side ol the cuticle membrane, par- 
ticularly at the level where the cells tilt- This layer may be a precursor of the 
extracellular cement, but is probably not an essential part of the plasma mem- 
brane. However Mitchison (6), in his membrane model, has postulated a loosely 
packed layer of protein in this intracellular region, the function of which is 
mainly that of a mechanical support. 

The Imbricale Condilton of the Cnlicle . — Authors (4, 7), who have examined 
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hair with the light microscope, have attempted to explain the upward tilt of 
the distal ends of the cuticle cells by supposing that the inner root sheath moves 
more rapidly than the cortex. There is no convincing electron microscopic evi- 
dence for or against this hypothesis. However, since the flattening of the cuticle 
cells could be explained by Schmitt's hypothesis of a aipper-like spread of ceil 
contacts, it may be possible to extend the theory to account for the tilt of the 
cells. It would be necessary to suppose that the cuticle cells stick more strongly 
to the inner root sheath than to the cortex and cre^ upwards at their distal 
tips. This would provide a bias to ensure that the cells would lilt in the ob- 
served direction as the cell formation narrows at the neck of the follicle. 

Keratinisalion of the Cuticl€.-~'Vh& cortical cell starts making fibrous keratin 
at the mid-bulb level, while the production of the amorphous keratin in the 
cuticle starts a distance of several hundred micra later. It is known that the 
cuticle keratin differs from the cortical flbrous keratin in having a higher sulfur 
content (3). Its high electron density would also suggest a high concentration 
of —SH; it therefore might be similar to the high sulfur component of the cor- 
tex {^-fraction), which is amorphous, and also appears at about this le\-el. (See 
Part 1.) The residue of the tytoplasro, which occupies the inner region of the 
flattened cell (Fig. 2.6), also undergoes a dtemical change end becomes insolu- 
ble in keratinolytic solvents. 

The distribution of keratin in the cuticle, filling only the outer region of the 
cell, demonstrates the radial polarisation of the cuticle, which was also shown, 
by the position of the nucleus and the Golgi comple.x, at an earlier phase of the 
cells' development. In this respect the cuticle is unique, since all the other cell 
layers of the hair have an axial orientation. This layered structure of the cuticle 
agrees with that earlier inferred from electron microscope studies on fragmented 
wool cuticle cells (5). 

In addition to the keratinised region and the condensed cytoplasmic region 
of the cuticle cell, there is also a thin outermost layer which is particularly re- 
sistant to both trypsin digestion and keratinolytic attack (Figs. 2.8 and 2.9). 
This layer may be derived either from the extracellular sheets or from the sroah 
gap between the plasma membrane of the cell and the keratin layer, which may 
fill with a resistant material. Unfortunately, not only is the derivation of this 
layer unknown, but also the nature of the layer on the outermost cuticle cell Is, 
uncertain. The membrane complex that forms between the hair cuticle and 
the cuticle of inner root sheath, is somewhat different from the intercuticular 
sheets; but the fate of this membrane, when the inner root sheath breaks doni), 
was not observed. 

, This resistant layer on the surface of the cuticle may be related to the exist- 
ence of a thin resistant membrane talied the “epfeutidte." This stmetuK has 
been postulated to explain the production of bubbles 'and continuous tubules, 
which can be separated from the hair by various chemical treatments (5). If 
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the resistant layer, which has been described above, is part of the extracellular 
complex membrane, then it will form a continuous extracellular sheath to the 
cuticle cells. Even if the resistant layer is formed intracellularly, it may be that 
a relatively poor mechanical adhesion between the resistant layer and the 
keratin layer of the cuticle, would allow this layer to be lifted as a continuous 
layer from the hair fibre. 


SUintARV 

1. Durmg the early differentiation of the cuticle the cell membranes smooth 
out and the cells become closely attached over most of their surface. The change 
seems to be due to a layer of cement which forms between them. The plasma 
membranes also increase in density. 

2. The decreased membrane activity of the cuticle cells may prevent a pha- 
gocytosis of the melanocyte processes and thus account for the non-pigmenta- 
tion of the cuticle. 

3. The flatteiung and imbrication of the cutide may possibly be explained 
by a zipper-like spread of cell contacts. 

4. Keratinisation of the cuticle occurs at a late stage in its development; 
the keratin formed Is an amorphous type, similar to the y-fraction of the cortex 
which is produced at a similar level. 

5. Keratinisation is accompanied by the formation of complex intercellular 
layers similar to structures observed in the inner root sheath (see Part 3). 

6. In the final stage of keratinisation the remaning cytoplasm condenses with 
the result that the cell is divided into a laminated structure with an outer kera- 
tinlsed layer and an inner layer, which is insoluble in keratinolytic solvents. 
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EXPLANATION OF PLATES 
Plate 54 

Fig. 2.1. A low power electron micrograph of a longitudinal section from the mid- 
bulb region of the hair follicle. The outer root sheath is toward the top left and the 
papilla toward the bottom right; the general movement of the cells of the follicle is 
toward the top right. The cell {A) is the first cell which it is possible to identify as a 
cuticle cell; in the original section it was possible to trace the cuticle downwards via 
the cell (5) to the cell (^) as a continuous chain of closely adhering cells. The future of 
the remaining cells in the micrograph cannot be determined, although presumably the 
cells D, E, F, and G will become the inner root sheath, cells B and / the cortex, while 
the cell C will possibly become a cuticle cell. It may be observed that there are only a 
few local cell contacts between the cells at this level, with the exception of the contact 
between the ceils A and B. Between the cells of the cortex there are large extracellular 
spaces through which melanocyte pro^sses may be thrust; one such process (m) is 
seen (bottom right) although this represents the very lowest level of the follicle at which 
these may be found. X 6,000. 

Fig. 2.2 An electron micrograph of a longitudinal section in the upper bulb region 
of the hair follicle. The membranes between two cuticle cells run from bottom left to 
top right. The two membranes are in good contact along most of their length and ap- 
pear as a wavy line with only small areas not cemented together. Parts of the nuclei 
(1^ may be observed top left and bottom right; the nucleus on the left has a typical 
invagination (!) of the nuclear membrane. Numerous mitoebondria together with a 
fine granular component fill the cytoplasm The right hand cell has a well defined Golgi 
region (<j). X 52,000. 

Inset is a high power micrograph of a region of the two cell membranes at a point 
where they open up to form an extiaceUular space. The two parallel membranes in 
close contact may be seen on the right. The space between them is filled with a layer 
of cement C The layer of cement may also be observed lining the membrane around 
the extracellular space. X 160,000. 










Plate 5S 

Fig. 2.3. A low power electron micrograph of a longitudinal section through the 
upper bulb region of the hair follicle. The cuticle is the vertical row of cells in the 
centre; on the left is the cortex, and on the right the row of small cells is the cuticle 
of the inner root sheath and beyond thb, only partly in view, the Huxley layer. The 
cuticle cells at the bottom of the micrograph are cuboidal but towards the top they 
become slightly thinner and longer and somewhat imbricated. The membranes of the 
cuticle cells stand out much more obviously than the membranes of the cells in the 
other layers. The nuclei of the cuticle are located towards the cortical side of the cells. 
The spindle-shaped cortical cells are already synthesising keratin and there are drop- 
lets of trichohyaline in the Huxley layer. X 1,200 

Fig. 2.4. An electron micrograph of the cuticle at the same level as on Fig. 2.3. The 
two plasma membranes of two cuticle cells run vertically up the centre of the micro- 
graph. The two membranes run parallel with the exception of a small vesicle in the 
centre, and are cemented together with a low electron scattering material At this level 
the two membranes, beside being cemented, are straight (c/. Fig 2.2). Lining the two 
membranes is the intracellular layer of amorphous material. Both embedded in this 
material and also free in the cytoplasm are numerous “Palade” particles. In the cell 
on the right, part of the nucleus (A^) may be observed. In both cells there arc a few 
mitochondria X 60,000 

Fig. 2.5. An electron micrograph of a cross-section through the cuticle at a level 
where the cells are beginning to synthesise keratin In the bottom left comer part of 
the cortex may be seen. The innermost cuticle cell contains a nucleus (A^)j at this 
level where the cells are extremely imbricated the nucleus Is always at the lower end 
of the cuticle cell and therefore, in cross-section, appears in the innermost cell. The 
keratin (K) may be observed as small rounded dense drops which are forming near the 
sheath aide of the cuticle cell; also in the Q^toplasm there are numerous granules and a 
few mitochondria. X 40,000. 

Inset is a high power micrograph of the membranes between two cuticle cells at a 
point where the complex Intercellular layer is being formed. At the upper left are the 
t^vo nonnal plasma membranes which may be observed to separate and between (hem 
(at the bottom right) the complex intercellular layer is present. The parallel intra- 
cellular membranes, which may be observed at the point where the layer is formed? 
we eonly occasionallyobserved X 200,000 
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Plate 56 

Fic 2 6. An eleciron micrograph of a cross-section of the cuticleat a level where the 
cell is partly keratinised, Three layers of cuti'cfe cells may be seen and beyond them, 
at the top right, the cuticle of the inner root sheath and in the extreme corner the Hux- 
ley layer. The bars of keratin may be seen on the sheath side of the cuticle cell with a 
smaii gap between them and the plasma membrane. The remaining cytoplasm is ex- 
tremely granular. The complex layer may be obserx-ed between the cuticle cells X 
40,000. 

Jftjf/ is a high power micrograph of the complex layer. The small gap between the 
membrane and the developing mass of keratin may be observ'ed. X 200,000, 

Fig 2 7. a high power electron micrograph of a cross^ection of the completely 
keratinised cuticle cells The cells appear almost hoiDOgeneous; the keratin iills the 
sheath side of the cell, and the remaining cydoplasm, towards the cortex on the bottom 
left, IS condensed. The tv«o regions may be identified since (he condensed cytoplasmic 
region is not quite so dense, and more granular than, the keratin. The central cuticle 
cell contains part of the pyknotic nucleus whidi has been forced toward the cortical 
side of the cell by the developing keratin The complex lijterceUular layer has also lost 
Its fine structure and become uniformly dense. X 120,000. 

Fto 2 8 An electron micrograph of a cross-section of a single cuticle cell isolated 
from wool by topt'C digestion (7 days at pH 86 at 40*C.) The presumed position 
of the inner membrane of the cell is shown by a dotted line; the condensed cj’toplasmlc 
region of the cell, w hfch lies between this fine and (he remaining part of (he ceil, has 
been extracted by the (rj-psin The kerallnised region is unattacked; the thin dense 
layer above the keratin, which is also resistant, may be observed. X 24,000. 

Fto 2 P An electron micrograph of a cross-section o! a wool fibre that has been 
oxidised with peracetic acid and extracted with ammonia in order to remove the kera- 
tin of the cel] The micrograph shows that the leading edge of the cell appears as a thin 
dense line (a) which js resistant ITje keratinised region (6) is extracted, while the con- 
densed cytoplasmic region of the cell (c) remains unattacked. X 24,000 

Fio 2 10 An electron micrograph of a cross-section of the hair cuticle after pro- 
longed fixation f48 hours at room temperature) with osmium tetroxide. The resistant 
leading edge of the cuticle is selectively stained by this procedure [ef. Fig 2.7). There 
is also a slight differential stainingof the keratinised region relative to the cytoplasmic 
region X 24,000. 
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unite the cell membranes of neighbouring cells, appears to be the means by 
which permanent intercellular relations arc established. However, neither do the 
plasma membranes become as dense as in the cuticular layer, nor does the spread 
of the contacts progress as far as the corresponding development in the cuticle. 
The ceils of the presumptive sheath cuticle, whicharesmaller than the cellsof the 
other layer, become closely united to the hair cuticle cells and are deformed in a 
similar way at a higher level. 

Trichohyaline droplets appear in the cells of Henle’s layer immediately above 
the undifferentiated matrix (Fig. 3.1). They are dense, rounded, structureless 
bodies, apparently without an enclosing membrane, which coalesce readily to 
form larger droplets. Similar droplets also appear in the cells of Huxley (Fig. 
3.2) and sheath cuticle cells, but the rate of accumulation is greatest in Henle’s 
layer, which is also the first to become fibrous. 

The transformation of the amorphous droplets into the birefringent modifica- 
tion follows the same course in each of the three layers of the sheath. In Henle’s 
layer at the level of the constriction of the follicle, the change occurs with 
dramatic suddenness. In the light microscope the disappearance of the large 
droplets and the conversion of the cells into a clear condensed birefringent 
layer can be seen (Figs. 3.3 a and 4). Electron micrographs of precisely the same 
field (Fig. 3 J c) show the same events in greater detail. 

At a higher magnification in longitudinal sections of these regions "fila- 
ments" can be seen extending in both directions parallel to the follicle axis 
from lenticular shaped droplets of the amorphous form (Fig. 3.4 and 3.5 o). In 
cross-sections of the same levels the two forms can also, be distinguished; the 
unconverted material appears structureless except that at the edges it may be 
fringed with ill defined filaments. The interpretation of the images of cross- 
sections of the converted form (Fig. 3.5 b) is uncertain. In some areas the sec- 
tions show small dots (diameter JOO A) which arc presumably sections of 
filaments; whereas in others the sections show wavy lines implying that the 
true form is a wavy sheet or tube. In the condens«i form longitudinal sections 
show a dense array of parallel lines spaced somewhat less than 100 A apart 
(Fig. 3.5 a), together with small amountsof granular material which may be 
unconverted trichohyaline. 

In the cells of the Henlc layer the transformation proceeds rapidly to com- 
pletiorr; the hardened coherent cylinder which results appears to act as a re- 
taining mould for the softer tissues within it. The transformation occurs later 
(mid-keratinous zone) and proceeds more slowly in the cells of the Hiwley 
and sheath cuticle layers, so that the two forms of trichohyaline coexist in the 
same cells over a considerable length of the follicle. 

In the upper keratinous zone, where the three layers fuse, the cell contents 
present a dense compact appearance (Fig. 3.6); the boundaries of the cells are 
still clearly visible (see next section) and the nuclei are shrunken, elongated, 
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INTRODUCTION 

The cells of the three layers, Henle, Huxley, and the sheath cuticle, which 
together form the inner root sheath, arise from the peripheral portions of the 
undifferentiated matrix (see Text-fig. 1.1, Part 1). They form three concentric 
cylinders each one cell thick. Each layer has its own peculiarities, but it is con- 
venient to consider them together becau^ the type of intracellulat product is 
the same in each and also, farther along the follicle, they form a single sheath, 
which later disintegrates while the hair itself persists. 

The characteristic intracellular product is trkhohyaline, a poorly charac- 
terised substance, presumably protein in nature, dosely related to the kerato- 
hyaline of the epidermis. These substances arc considered by many (see reviews 
in references 2 and 3) to be precursors of fibrous keratin. It will be shown that 
trichohyaVme Is certainly a precursor of the fibrous component of the sheath. 
However, the fibrous keratin of the cortex (see Part 1) does not seem to have a 
precursor of this type and is morphologically very different. 

In this part the formation and transformation of trichohyaline and the de- 
velopment of the complex surface structures, which accompany the condensa- 
tion of the sheath cells, will be described and discussed. The details of the 
methods used have been given in Part 1. 

observations 

The early differentiation of the sheath cells may be followed in micrographs 
of the mid-bulb and upper bulb (Fig. 3.1). The course of events is similar to that 
already described for the hair cuticle. The spread of localised adhesions, which 
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all differentiating systems of cells pass through such stages. Indeed Abercrom- 
bie and Heaysman (1) have postulated “adhesive contact” and "surface in- 
hibition” to explain the behaviour of cells in cultures seen in the light micro- 
scope. It may be valuable, therefore, now that all the growing layers of the 
follicle have been described, to summarise the devetopment of the hair in more 
general terms. 

Ideally the analysis of hair growth should commence with the formation of a 
new hair, but we have insufficient new information to attempt this and shall 
only, in a very tentative way, consider the conditions prevailing in a state of 
steady growth. In this state the presence of the previously differentiated cells 
above the matrix may provide a guiding pattern, or temphte, which would be 
absent in an entirely new growth. 

In the bulb of the follicle we observe, dipping down into the cell matrix, a 
cylinder of altered cells, the lower end of the prKumptive cuticle and inner 
sheath, which is continually able to recruit further cell members from the reser- 
voir beneath. The cells at the end of this o'lmder may attract their like from 
the matrix, or they may, by direct contact, induce changes in the cells imme- 
diately beneath them, which increases their mutual adhesion and thus extends 
the length of the existing formation. The first supposition implies either the pre- 
existence of differentiated cells or of some other uniaentified factor, such as 
distance from the papilla or dermal layers. The latter supposition is at least in 
accord with the present observation. Since we observe that the spread of ad- 
hesive contact between cells precedes Intracellular differentiation, it may be 
that, not only are the cells drawn together, but that these changes also in- 
fluence the synthetic activities of the cells. 

Contact induction of this kind has been postulated in embryology (see the 
review by Waddington (5) already referred to in Part 1) and Weiss (6) has 
made various suggestions as to how it can happen in molecular terms. In the 
present context it may be assumed that contact with the altered (sticky) 
cells of the cuticle and sheath biases a cell’s synthetic apparatus towards the 
production of an adhesive cement. Thus the matrix ceil is modified and added 
to the existing formation. The cuticle leads the way in this development and is 
closely followed by the sheath cells. 

Thereafter the cells of the follicle are separated into two compartments, or 
special environments, in which the state of the cell membranes differs. The 
first is the cortical region, adjacent to the papilla and inside the cuticular 
"screen,” in which fibrous keratin fe the characteristic product. The second 
is the region, between the cuticle and outer root sheath, in which trichohyaline 
formation prevails. In the cortex {cf. Part 1) cell contacts remain local, gaps 
persist, and are exploited by melanocytes and the cell population is homogene- 
ous. Iti this instance the failure to form cement seems to be the controlling 
factor. In the second region (the inner sheath) the cells closely adhere and 
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and denser than the transformed tnchohyaline. The Jatter presents a rather 
uniform, fine texture of parallel lines in longitudinal section and close but 
randomly packed lines or points in cross-section (Fig. 3.6). 

The Cell Mcfnbrane Complex 

In the upper bulb region, where the relationships between the various cells 
of the hair and sheath are established, the membranes of the sheath cells 
become extensively attached over most of their surfaces as a result of the spread 
of the adhesive contacts discussed in Part 2. The intercellular attachments, 
at least m the layers of Huxley and Henle, are less complete than in the hair 
cuticle. That some degree of membrane mobility remains is shown, particularly 
in cross'seetjons, by surface convolutions. The two plasma membranes are 
spaced about 120 to 150 A apart and the intervening space is filled with the 
material of poorscatteringpowerwhich, in Part 2, was identified asan intercellu- 
lar cemtinl. However, at the level of the fibrous transformation of trichobyalme, 
there occur striking changes at the cell surfaces which lead to the formation of 
thick complex intercellular layers. 

The first sign of impending changes is the gathenng beneath the plasma 
membranes of a dense material which is more abundant than the similar forma- 
tions noted in the cuticle cells of the mid-bulb (Part 2). The plasma membranes 
then separate to a distance, which may be as great as 300 to 400 A (Fig. 3.7), 
and between them a dense deposit appears. At first ill defined and only locally 
distributed, this deposit eventually forms a broad, dense, central band in the 
midst of less dense material (Fig. 3.8). The “surface complex” uniting the two 
cells at this level thus consists of the two plasma membranes (spacing '•^300 
A), an intercellular “cement” of low scattering power, and the dense central 
band (width •-*'100 A). As the cells of Henle harden, owing to the condensation 
of the tnchohyaline, this five banded formation persists and can be seen both 
in longitudinal and in cross-section. The cclb of Henle are seen in longitudinal 
sections to be particularly dosely intcrlodced by deeply indented surfaces 
(Fig. 3.3 c). 

Very similar surface membrane complexes form between the other cells of 
the inner sheath (Fig. 3 6), but in the cutide of the sheath the central band may 
be missing. 


DISCXTSSIO.V 

Early D>ffne»lialhn.~’The differentiation of the cells of the inner root 
sheath follows the pattern already described in Part 2, The structural change, 
which seems to initiate diflerenliatlon, is the formation and spread of areas of 
contact between the cells. This increased area of corttact appears to suppress 
the surface actirity of the cells and to stabilise their geometrical reblionshJps. 
It seems unlikely that these phenomena are peculiar to the hair root ; probably 
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The dose histochemjcal simiJarities between trichohyaline and keratohya- 
line of the epidermis, suggest that a sinular transformation occurs in the epi- 
dermis where it may account for the glassy appearance of the stratum lucidum. 

Intercellular Deposits and Membrane Complexes . — ^The complex intercellular 
deposits, which appear between the sheath cells at the time of the transforma- 
tion of trichohyaline, are similar in character to those occurring between the 
hair cuticle cells described in Part 2. 

The material pervading the intercellular space seems to be a form of the inter- 
cellular cement which may be seen earUer between the cells of the upper bulb. 
Its composition is unknown. The lack of reaction with osmium tetro-xide ex- 
cludes many classes of compounds, but tvould nofexclude polysaccharides, 
The rather definite spacing of the membranes in the mid-bulb and upper bulb 
(100 to ISO A) is similar to that commonly noted m other tissues. However, 
the surface complex in the sheath has a total width of as much as 300 to 400 A, 
with local irregularities reaching 500 A. It is difficult to see in these large and 
variable dimensions evidence of special structures, e.g. multilayers of Jipides, 
protein films, etc., postulated to explain the dimensions of plasma membranes 
^^30 A thick. The dense bands could be sites of reactions between the cement 
and denser substances, e.g. calcium, distributed at first in a quasiperiodic man- 
ner but later more uniformly. 

The function of the thickened membranes is also obscure. It may be sig- 
nificant that their appearance in time coincides with the intracellular changes 
Jcading to a hardening of the cell contents. This suggests that they may be 
necessary to hold the harder tissue together. An objection to this idea is that 
the Henie-outer root sheath complex is of the same “three line type" as else- 
where in the sheath.<!, whereas it is widely supposed that the Henle layer 
slides over the surface of the outer root sheath (see review in references 2 and 3). 

SUMMARY 

1. The three cylinders of cells, each one cell thick, which together constitute 
the inner root sheath, arise from the peripheral portions of the undifferentiated 
matrix. These celb, like the hair cuticle, are stabilised by the spread oi adhe- 
sive contacts between their plasma membranes which occurs in the mid-bulb 
and upper bulb of the hair follicle. 

2. 'Hie characteristic intracellular product of all three cell layers is tricho- 
hyaline. This substance is formed in the first place as amorphous droplets 
which subsequently transform into s birefringent form. 

3. This transformation, involving the formation of a birefringent product 
from an amorphous precursor, is in contrast to the formation in the cortex of 
keratin which originates in a fibrous form. 

4. Trichohyaline appears first and transfomis first in the cells of Henle 
which are nearest the outer sheath and the dermal supply vessels. This trans- 
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contact induction could be the important factor. In this cylinder of cells, with 
the cuticle on. one side and the outer sheath on the other, a structural gradient 
exists in a radial direction. Since the rate of trichohyaline synthesis declines 
as the distance from the outer sheath increases, it seems that the stimulus 
(and supplies) come from the outer sheath or the dermal surroundings. 

The cuticular layer separating the two zones is anomalous. Synthesis is de- 
layed and the product ultimately formed is a peculiar amorphous keratin of 
high cystine content. Again the influence of the cell membranes may be sus- 
pected, since these are more dense and the “zipper action” has drawn the forma- 
tion into close internal contact. 

Trichohyaline Formation . — Trichohyaline is as characteristic of the sheath 
cells as keratin is of the hair and thus represents an important expression of 
the synthetic potentialities of epidermal cells. Almost all the data relating to it, 
and to the keratohyaline of the skin, concern its staining properties in histo- 
logical preparations from which it is not easy to determine its composition. 
It is assumed to be a protein, but whether it is of the a-type, or stabilised by 
cystine cross-linkages (3) is not known. It seems to be synthesised as a viscous 
insoluble liquid, not unlike the keratin of the hair cuticle. It is not accumulated 
in vesicles, nor is there any obvious spatial connection with the numerous 
clusters of dense particles. 

The transformation of the “liquid” trichohyaline into its birefringent modi- 
fication is unlike any intracellular phenomenon previously described. It re- 
sembles in many respects the crystallisation of a substance from the liquid 
phase. The remarkably perfect orientation of the birefringent form may be 
due, as in the cortex, to the slight flow which orients the cytoplasmic contents 
parallel to the axis of the follicle. The droplets of trichohyaline become lenticu- 
lar in shape and the modified form extends axially from each pointed end. It 
is a peculiar feature (Fig. 3.4) that a droplet O.l n long may be extended into 
“threads” several micra long in the course of the change. It is impossible to 
explain this drawing out by cell elongation, since this is quite inadequate to 
give the order of extension required. A view, compatible with the microscopic 
evidence, is that the modified form is pushed out from the droplets by growth 
(crystallisation) at the surface of the droplet. 

As mentioned earlier it is difficult to be sure from a study of cross-sections, 
whether the modified form is filamentous or sheet-like. A protein of the a-type 
in the form of thin sheets has been extracted by Rudall from an insect source 
(4), although its formation bears little resemblance to that described here. 

As the transformed Irichohyalme condenses, it shows in longitudinal sections 
a remarkably parallel system of thin filaments (or sectioned sheets) spaced 
less than 100 A apart. The appearance of this form coincides with the sudden 
appearance of anisotropy in the Hcnle layer and later in the Huxlej- and sheath 
cuticle layers. 
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HUHAN hair FOtLICUS. PART S 


EXPLANATION OF PLATES 
Plate 57 

Fig. 3.1. An electron micrograph of a longitudinal section of tlie peripheral regions 
of the mid-bulb showing the early development of the inner root sheath. The cells 
have already developed extensive adhesive contacts (C) and these areas of contact arc 
spreading. Both the presumptive Henie cells on the right and the Huxley cells in the 
centre have commenced the formation of tridiohyaline, which is seen as rounded 
structureless bodies (T) in several of the cells. 

Clusters of dense particles (P), assumed to contain ribonucleic acid, are common; a 
number of other less well defined agranular vesldes and various mitochondria (if) 
may be seen. The trichohyaline near the top right comer Is already partly transformed. 
X 24,000. 

Fio. 3.2. A longitudinal section passing almost tangentially through the Huxley 
layer immediately above the bulb constriction, showing the accumulations of tricho* 
hyaline (T) at this level, '^e transformation into the fibrous form has begun and fine 
filaments (F) may be seen in many cells. 

At the top left comer may be seen the edge of the Henie layer (ffe), which has ah 
ready been completely transformed. The fibre axis runs obliquely across the section 
from the lower left to the upper right corner and many of the trichohyaline droplets 
are elongated in this direction. Af is a nucleus. X W.OOO. 
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formation occurs at the level of the neck of the follicle. Synthesis.and transfor- 
mation in the cells of Huxley and the sheath cuticle lag behind the similar 
events in the cells of Henle. TTie transformation does not begin until the lower 
prekeratinous zone in the Huxley and cuticle cells. 

5. The amorphous-fibrous Iransfonnation occurs rapidly cell by cell and 
involves the conversion of all the trichohyaline droplets. In longitudinal sec- 
tions the birefringent modification can be seen extending from the droplets 
in both directions parallel to the axis of the hair. In cross-sections the images of 
the transformed material are difficult to interpret. They may be seen as sec- 
tions of corrugated sheets ('^100 A thick) or condensed fibrils '^lOO A in 
width. 

6. At the same time that the trichohyaline transforms, the spacing between 
the cell membranes increases and a dark deposit appears centrally between 
them. This membrane complex, and the similar complex of the hair cuticle 
cells described in Part 2, may be specialised formations whose purpose is to 
hold the hardened cells together. 
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Plate 58 


Fig. 3.3. Three comparison micrographsof the same field show the transformation of 
amorphous trichohyaline of the Henie layer Into the fibrous form. The ll^ht micrograph 
(o) is a section stained with Heldenhaln’s iron haematoxylin and the micrograph (W 
is a part of the same field between crossed polaroids to show the bire/ringent regions 
In the cortex (7) on the left may be seen the bire/ringent fibres of heratin and numerous 
pigment granules. The imbricate cells of the cuticle of the hair (2) are not bire/ringent 
The transformation of Henle’s layer (^) may be seen to occur suddenly at 7*. The drop- 
lets of the amorphous form are disappearing m one cell arrd the next cell is highly 
birefringent. An electron micrograph if) of precisely the same area makes it possible 
to see the details of the change more dearly. A lesser degree of birefringence in the 
sheath cuticle (J) and in Huxley’s layer {4) indicates that some transformation has 
occurred in these regions also (a) and (5) X 2,500; (c) X 30,000 
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PlATE SO 

Fig. J.4. Longitudinal section of part of a Henie cell showing details of the trans- 
formation of the amorphous trichobyaline (7) into the fibrous form (F). Stained with 
1 per cent phospholungstic acid in 70 percent alcohol for 1 hour immediately after 
fixation. 

The amorphous trichohyalinc droplets have become lenticular in shape with their 
long axes parallej to the axis of the follicle and the transformed filaments may be seen 
extending from the pointed ends. X 80,000. 

Fio 3.5 (a) Part of a longitudinal section of a Hcnle cell immediately after the 
greater part of the trichohyalinc has transformed and the cel! is condensing. Stained 
with phosphotungstic acid as described for Fig 3,4. X 80,000. 

(b) Cross-section at the same level as («) showing the appearance of the transformed 
trichohyalinc in cross-section, x 160,000. 
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PlATE 60 

Fig. 3 6. Cross-section of part of the inner root sheath show ing fuJIy condensed cells 
On the left is the gap which forms behreen the hair cuticle (not shown) and the cuticle 
of the inner root sheath (C) Tvsro overlapping sheath cuticle cells may be seen in the 
sheath cuticle with well defined surface membranes. The infercellular cement is rela- 
tively dense, but the denser central line, well developed elsewhere, is here onl}’ faintlj’ 
visible The dark vertical line parallel to the boundary of the cuticle and the Huxley 
ceil (flu) is a fold in the section. The cell membrane complex between the Huxley 
cell (7/ u) and the Henle cell (ffe) is of the “three line” type shown enlarged in Fig 3 8 
Although the total width of the complex is rather constant, certain irregularities, such 
as dilations (D) and broader central lines at (B), suggest that the structural pattern 
is not rigidly defined. The break in the membranes at C suggests a direct continuity 
between the cytoplasm of the two cells. 

The trichohyaline in each of the cells has been fully transformed into the fibrous 
form and the fine structure in cross-section is similar to that shoim enlarged in Fig 3 5 
(b) The density of the condensed trichohyaline decreases on proceeding from the 
Henle cells to the cuticle and the “texture" grows finer in detail. X 24,000, 

Fig 3 7. a cross-section showing the contact between two Henle ceils at the lese! 
of the trichohyaline transformation showing details of the development of the inter- 
cellular deposits. Transformed ttichohy'aline is seen at T. The two plasma membranes 
(37) have thickened and dilated Localised deposits of ill defined dense material niay 
be seen on the cytoplasmic side of the membranes. Between the membranes, the central 
dense layer (O) is partly formed. X 120,000. 

Fig i 8 The surface membrane complex of the cells of the Huxley laj'er in which 
may be seen the two plasma membranes (i/) and the dense deposit or layer (D) be- 
tween the plasma membranes A less dense material occupies the remainder of the 
intercellular space This formation develops directly from that shoivn in Fig. 3 7. In 
the cytoplasmic space may be seen sections of transformed trichohyaline and of two 
mitochondria. The cells at this level are solid. X 120,000 
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For a number of years biochemists have investt* 
gated cell fractions separated by centrifugation. The 
morphological identity of these fractions has some- 
times been determined by light microscopy, although 
the fractions are usually characterised by Ihctr 
biochemical activity. By observing these fractions 
svith the electron microscope, using the sectioning 
method, and by comparing them with the cell com- 
ponents In whole tissue, it is possible to have a 


better control of the separation. It is also possible 
to improve the method of separation, and some of 
the general methods together with particular meih* 
ods for nuclei and mitochondria which we h3« 
evolved in our laboratory, will be described, 
General methods . — The conventional method w 
separating the cell fractions uses an ang!e*hcw 
centrifuge; with this method fractions must^ 
washed several limes by resuspcnsion and rescdi* 
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swcUing and the retention of contents increases their 
sedimentation rate. The medium has no biochemical 
disadvantages; it does not significantly inhibit any 
enzymes. 

Using this medium particles (fig. 2, insert have 
been seen in light mitochondrial fractions which arc 
similar to those described by Kuff et at. (d). They are 
smaller and denser than mitochondria; they have 
only a single external membrane and a rather granu- 
lar interior. Duve (4), from the biochemical evidence 
of enzyme distributions in light mitochondria frac- 
tions, has postulated a new cytoplasmic particle, the 
lysosome in which certain hydrolytic enzymes would 
be contained. 

Discussion . — These results demonstrate how elec- 
tron microscopy can help the biochemist by giving 
him an improved method of controlling the purity 
of the cell fraction. Moreover they also demonstrate 
how the methods may be improved so that the frac- 
tions may be obtained not only in a greater state of 
purity, but also less damaged by the separation. 

The method is of equal importance to the electron 
microscopist, for il is probably the only way in 
which he will be able to determine (he chemical 
nature of the fine structures he secs. It is unlikely 
that histochemistry will ever be possible in electron 
microscopy, to the same extent as it is in light 
microscopy. The electron microscopist must there- 


fore separate the structures he observes viihout 
damaging them, and then chemically analyse them. 
Tlie techniques of separation by centrifugation arc 
examples of such a general method. 

^TTus investigation has ^n supported by granu to 


and the National Cancer Institute of the National Insii* 
tutes of Health, U.$. Public Health Service. 

The authors are particularly grateful to Mr. K 0. 
Moreman for supplying (he illustrations. 
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mentation in fresh medium. We have found that an 
improved separation may be obtained more quickly 
by using layering or gradient methods in a swing-out _ 
head centrifuge. When the medium contains high 
molecular weight components, which are required 
to improve the morphological appearance of the 
fractions, density gradients may be obtained without 
increasing the osmotic strength of the medium. 

Fixation of cell fractions by the standard buffered 
osmium tetroxide solution (7) is satisfactory; no 
improvement has been found either by the addition 
of sucrose or high molecular weight components to 
the fixative, or by using a solution of osmium tetr- 
oxide in the suspending medium as a fixative. A 
small volume of a resuspended fraction is added to a 
larger volume of fixative; the fixed suspension is 
then spun to produce a pellet. The pellet, which 
should be less than 0.5 mm thick, is treated as a 
lump of tissue. It is dehydrated and embedded in 
methacrylate as in the conventional method. The 
pellet is oriented on the microtome so that a single 
section contains all the strata produced by sedimen- 
tation; in this way a proper estimate of the distribu- 
tion of material in the pellet may be obtained. 

A promising variant of these methods has been 
devised by us in which no attempt is made to isolate 
separate fractions. The tissue is homogenised in a 
medium, and the suspension is “layered" over a 
medium of higher density in a centrifuge tube. 
Using a swing-out head, the suspension is sedimented 
to form a pellet about 0.1 mm thick. This will con- 
tain “strata" of all components of the suspension 
separated according to their sedimentation rate. The 
whole pellet may then be fixed, sectioned and the 
composition of the various layers determined electron 
microscopically. As an example of its use, consider 
the problem of the uptake of a radio-activc amino 
acid in a tbsuc. The compound is injected, after a 
certain time tissue is taken from the animal, ho- 
mogenised and centrifuged by this method. The block 
is sectioned; a thin section is examined in the micro- 
scope and a radio autograph is made from a con- 
tiguous thick section. By comparing these, the par- 
ticular cell fraction in which the radioactive isotope 
has been taken up may be found. The method may 
also be used for the intracellular localisation of other 
constituents which are still detectable by histo- 
chcmical methods after fixation. 

Methods for nuclei. — Nuclei, separated by many 
of various standard methods, have been examined 
(3). None of these methods gives nuclei of 
comparable appearance to those in sections of fixed 
tissue; many methods give nuclei, which appear 
clean in the light microscope, but are badly con- 
Uminated by cytoplasmiccomponcnts w hen examined 
in the electron microscope Nuclei prepared by the 
method of Philpot pnd St.anicr (8) were found to be 
particularly interesting. This method, which only 
gives small yields, consists of centrifugation in a 
sucrose glycerol medium with the addition of glyccro- 



Fig. I. Electron micrograph of a single nucleus in a fraction 
prepared by the method of Philpot and Stanier.The nucleolus 
may be seen, but the nuclear membrane is absent. 


Inset. A high power micrograph of the nucleoplasm, showing 
filaments about 100 A in diameter. 

Fig. 2. Electron micrograph of a few mitochondria prepared 
in the dextran medium. The internal and external membranes 
may be seen. 

Inset. A micrograph at the same magnification of a particle 
10 a light miiochondrial fraction, which might be a lysosome. 

phosphate These nuclei (fig. 1) from rat liver are 
relatively clean of contaniinating cytoplasm; this 
may be partially the result of the loss of the nuclear 
membrane, to which the cytoplasmic debris tends to 
adhere. There are, however, numerous small fila- 
ments (ca. 100 A diam.) dispersed throughout the 
nuclei (fig. 1, inset). These filaments which signifi- 
cantly have the same diameter as nucleo-protein 
filaments, may be an artifact due to the method of 
separation; however, it is also possible that they also 
exist in sections of whole tissue, but are rendered 
invisible by an interstitial substance, which is lost 
during separation, possibly as a consequence of the 
removal of the nuclear membranes. 

Methods for mitochondria , — The conventional me- 
thod for the separation of mitochondria uses 0.25 M 
sucres as a suspending medium (S) Mitochondria 
prepared by this method and by improved methods 
have been examined by several workers (1, 2, 
6, 9). Mitochondria prepared in 0.25 M sucrose 
are swollen, empty and usually contaminated 
with microsomal debris. We have described an 
improved complex medium containing 0.25 M 
raffinose, 6 % dextran and other additives. Mi- 
tochondria prepared m this medium (fig. 2) arc 
not swollen and retain their internal double mem- 
branes and other contents. When the centrifugation 
conditions are carefully controlled it is possible to 
obtain cleaner mitochondria using this medium. This 
may be judged both by the lack of microsomal 
matenal in the electron micrographs and also bio- 
chemically by their low R.N.A. assay. Although the 
higher density and viscosity of this medium would 
appear to make high centrifugation speeds necessary, 
this IS not so for miiochondria as the absence of 
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misht be polysaccharide. In view ot the imporUal 
rote M shall assign to it in morphogenesis, it b most 
rtgrettable that more is not known. 

When the cells further along the follicle arc ex- 
amined the importance of cell contacts becomes 
apparent (figure 2). The areas of contact spread 
and, in a z/pper-Jike fashion, draw the cells together 
with the result that intercellular gaps are closed and 
the surface convolutions arc smoothed out (figure 1) 
This development does not take place uniformly 
throughout the cell population. Contact spread 
occurs first in the cylinder of cells, which will become 
the cuticle of the hair, and follows rapidly in those 
cells, between the cuticle and the outer sheath, which 
form the three layers of the inner sheath. However, 
in the cortex, the central cylinder of ceils, contact 
spread docs not occur until much later; the cells 
remain united only locally and intercellular gaps 
are common. 

Contact spread appears to have important mor- 
phogenetic consequences, some of which can be 
deduced from the appearance of the cells of the 
various layers in the mid and upper bulb. The cells 
of the cuticle assume an important place in all sub- 
sequent developments because between them adhe- 
sive contacts appear early, spread more extensively 
and seem to be stronger. The cuticle stands out from 
the surrounding cells partly because of the density 
of its membranes and also because of the cuboidal 
shape of the cells in longitudinal section, It appears 
that the surface adhesion between these cells is great 
enough to actually modify their shape. By drawing 
the membranes of contiguous cells together In appet 
fashion (4) the mass of previously rounded cells 
is converted progressively into a columnar layer 
(figure 1 ), which divides the advancing stream of cells 
into two domains whose subsequent developments 
are in striking contrast. Inside the cuticufar "bamer 
is the cortex where the characteristic product of cell 


Fig. 2. electron micrograph of the mid-bulb region of the 
follicle showing early cell contacts and (probably) coniaa 
spread. 

The cells of the matrix contain many mitochondria, 
many agranular vesicles and large numbers of the 
dense particles thought to contain ribonucleic acid 
(3). There are none of the specialised intracellular 

inclusions which appear later at higher levels in the - 

follicle. The surfaces of the cells are very convoluted synthesis is fibrous keratin; outside we find the inner 
and intercellular gaps are common Numerous small root sheath where amorphous trichohyalinc is the 
finger shaped pseudopods project from the surfaces 
and often penetrate deeply jnto neighbouring cells. 

Close contact between the cells is limited to a few 
small areas where the two plasma membranes are 
parallel and separated by a distance of about 120- 
150 A. We conclude therefore that the surface mem- 
branes of the undilTerenttated cells are flexible and 


in active motion. Their adhesion is small and contact 
is both temporary and limited in area. The space 
between the membranes at these "adhesive contacts" 
is not by any means empty. A material of rather 
poor electron scattering power is observed both 
between the closely opposed surfaces and also spread 
out over the immediatdy adjacent surfaces. We sup- 
pose that this material is the cement rcsjJonsiWe 
for the adhesion of the surfaces. Very little can be 
deduced concerning its chemical nature. The veiy 
slight reaction with the osmium fixative suggests 
that it is not protein or-lipid in nature, but that it 


typical product. 

Jn the cortex contacts arc localised and surface 
activity persists at least as high as the follicular con- 
striction. The melano^tes, which form the pigmen 
oI the hair, are situated lareely neat the tip of tK 
papiffa, and appear sbh to take advantage of t e 
weak adhesion between the cortical cells to exten 
their long pigmented processes throughout the cor- 
tical space. The absence of gaps between the cutic « 
celb prevents the processes penetrating the cube ^ 
and the inner root sheath beyond. The actual in 
corporation of the pigment granules into me 
cortical cells appears to be a consequence o 
continued surface activity of these cells for we m 
see small pseudopods enveloping the ends ol 
pigmented processes in a manner suggestive c 
phagocytosis. Occasionally bundles of granules s i 
enclosed in membranes have been found in cortica 
cells (I). 
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The study of morphogenesis by electron microscopy 
IS likely to prove i\ formidableiindertaking However, 
the labour can be lessened by the choice of an appro* 
pnate system m which there are present not only 
various examples of differentiated cells but, at the 
same time, cells in different stages of development. 
It is a further advantage to have the different stages 
distributed in the tissue in an easily recognised man- 
ner 

Systems of cells satisfying these demands arc not 
Common. One, which is admirable for the purpose. 
15 the follicle of the growing hair of the mammalian 
skin. Here we find at the end of a small tube, the 
outer root sheath, dipping down into the skin, a 
germinal matrix producing a steady stream of cells 
\\hich, passing along the tube, differentiates into 
the SIX concentric cylinders of cells which form the 
hair and its enveloping sheaths In the distance of a 
few 100 ft of the tube wc find cells in the following 
stages- dividing cells, undifferentiated cells, cells in 
early differentiation and differentiated cells engaged 
m synthesis of their characteristic products It is 
thus possible m a single electron microscopic section 
to find examples of cells in all stages of their devel- 
opment arranged m a linear sequence. 

Taking advantage of this situation, we have ex- 
amined in hair follicles — fixed, embedded and sec- 
tioned by the now standard procedures — the events 
associated with early differentiation, which occur in 
the mid and upper regions of the bulb (see figure I), 
By Comparing the cells of the undifferentiated matrix 
'Mlh those, a lew cell diameters further along the 
follicle which show definite signs of differentiation, 
s'e hasc been led to suspect that the contacts between 
the surf.TCcs of the cells play a leading role in mor- 
phogenesis. (Sec also reviews (5) and (6)) 



Tie I OiaKrammaiic reprcsemation of (he behaviour of 
cell membranes and morphoeenetic de\elopmcnts in the 
hair rolliclc with rererence to ihe hair cuticle. In the outline 
of the rollicle. sho»fi in the centre, the changes in ihe cu- 
licular formation and the several zones of the follicle arc 
indtcalei! On ihe LM S is shown a series of cells (A to D) 
in whKh cell contacis are shown descloping. spreading and 
deforming Ihe cells 


(599) 



The Role of Celt Membranes in Morphogenesis 



Fie.2. El«ctron micrograph of the mid*bulb region of the 
foKicIe showing early celt contacts and (probably) contact 
spread. 

The cells of the matrix contain many mitochondria, 
many agranular vesicles and large numbers of the 
dense particles thought to contain ribonucleic acid 
(3). There are none of the specialised intracellular 
inclusions which appear later at higher levels in the 
follicle. The surfaces of the cells are very convoluted 
and intercellular gaps are common. Numerous small 


might be polysaccharide. In view ol the importaat 
role we shall assign to it in ntorphogenesb, it isw,;, 
regrettable that more is not known. 

When the cells further along the follicle arc ex- 
amined the importance of cell contacts becomes 
apparent (figure 2). The areas of contact spread 
and. in a zippcr-like fashion, draw the cells together 
with the result that intercellular gaps are closed and 
the surface convolutions are smoothed out (figure 1 ). 
This development does not take place uniformly 
throughout the cell population. Contact spread 
occurs first in the cylinder of cells, which will become 
the cuticle of the hair, and follows rapidly in those 
cells, between the cuticle and the outer sheath, which 
form the three layers of the inner sheath. However, 
in the cortex, the central cylinder of cells, contact 
spread docs not occur until much later; the cells 
remain united only locally and intercellular gaps 
are common. 

Contact spread appears to have important mor- 
phogenetic consequences, some of which can be 
deduced from the appearance of the cells of the 
various layers in the mid and upper bulb. The cells 
of the cuticle assume an important place in all sub- 
sequent developments because between them adhe- 
sive contacts appear early, spread more extensively 
and seem to be stronger. The cuticle sunds out from 
the surrounding cells partly because of the density 
of its membranes and also because of the cuboidal 
shape of the cells in longitudinal section. It appears 
that the surface adhesion between these cells is great 
enough to actually modify their shape. By drawing 
the membranes of contiguous cells together in tipper 
fashion (4) the mass of previously rounded cells 
is converted progressively into a columnar layer 
(figure I), which divides the advancing stream of cells 
into two domains whose subsequent developments 
are in sinking contrast. Inside the cuticular “barrier ' 
is the cortex where the characteristic product of cel! 
synthesis is fibrous keratin; outside we find the inner 
root sheath where amorphous trichohyaline is the 


finger shaped pscudopods project from the surfaces 
and often penetrate deeply anto neighbouring cells. 
Close contact between the cells is limited to a few 
small areas where the two plasma membranes are 
parallel and separated by a distance of about 120- 
150 A. We conclude therefore that the surface mem- 
branes of the undifferentiated cells are flexible and 
in active motion. Their adhesion is small and contact 
is both temporary and limited in area. The space 
between the membranes at these “adhesive contacts” 
is not by any means empty. A material of rather 
poor electron scattering power is observed both 
between the closely opposed surfaces and also spread 
out over the immediately adjacent surfaces. We sup- 
pose that this material is the cement responsible 
for the adhesion of the surfaces. Very little can be 
deduced concerning its chemical nature. The very 
slight reaction with the osmium fixative suggests 


typical product. 

In the cortex contacts are localised and surface 
activity persists at least as high as the follicular con- 
striction. The melanocytes, which form the pigmen 
'of the hair, arc situated largely near the tip of t t 
papilla, and appear able to take advantage of t c 
weak adhesion between the cortical ceffs to exten 
their long pigmented processes throughout (he cot' 
deal space. The absence of gaps between the cutic c 
cells prevents the processes penetrating the cutic e 
and the inner root sheath beyond. The actua in- 
corporation of the pigment granules into 
cortical cells appears to be a consequence o 
Continued surface activity of these cells for we 
See small pseudopods enveloping the ends o 
pigtnented processes In a manner .;ij 

phagocytosis. Occasionally bundles of 
enclosed in membranes have been found m co i 


that It is not protein or* lipid in nature, but that it cells (1). 
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Pit* 3> Complex lotereellular membranet between the cu* 
tide cells. 

Fit 4. Complex intercellular membranes between the Hente 
cells (inner root sheath) 

dense, closely adhering membranes of the 
cuticulaf cylinder not only appear to form a barrier 
separating the domain of keratin formation (cortex) 
from the domain of trichohyalinc formation (inner 
sheath), but appear also to prevent the cuticle itself 
from acquiring sufficient raw materials. For although 
syntesis is rapid in the cortex and the inner root 
sheath, in the cuticle itself, synthesis is delayed until 
abo\-c the constriction of the follicle when a form of 
amorphous keratin with a high cystine content ap- 
pears. 


A discussion of the structure of keratin and tricho- 
hyaline will be found elsewhere in this volume (2). 
These two proteins are responsible for the hardened 
and fibrous texture of the cells of the hair and sheath 
which develops rapidly above the follicular constric- 
tion. Simultaneously with the development of these 
intracellular products the intercellular structures also 
undergo a remarkable development. Until this level 
the adhesive contacts have consisted simply of the 
two plasma membranes and the intervening cement 
layer of 120-150 A thick. As the cells of the cuticle 
and sheath fill with protein, the plasma membranes 
suddenly dilate to a distance of 30CM00 A and a 
series of complex layers form between them (figs. 3 
and 4). The nature and function of these intercellular 
layers are obscure; possibly they serve to hold to- 
gether the hardened cells. The dense layers (one in the 
sheath cells and two or three in the cuticle) may be 
deposits of an electron dense tanning agent in a 
pervading less dense cement of the type described 
below. In the cortex the membranes also dilate and 
finally become cemented together but we have not 
found a layered structure. 

This investigation has been supported by grants to the 
Chester Beatty Research Institute (Institute of Cancer 
Research. Royal Cancer Hospital) from the British 
Empire Cancer Campaign, Jane Coffin Childs Memonal 
Fund for Medical Research, the Anna Fuller Fund, and 
the National Cancer Institute of the National Institutes 
of Health, U.S. Public Health Service. 

The authors are particularly grateful to Mr. K G. 
Moreman for supplying the illustrations 


References 

1. BiKBECK, M. 5. C. and Merceh, E. !i., Exptl. Cell 

Retearch 10. SOS (1956). 

2. — These Proceedings, p. 159. 

3. PAtAOe, G. E., J. Blopfi}s DIochem. Cyiol. 1, 567 (1955). 

4 SciiMirr, F 0.,Cro»ih S, 1 (1940). 

5 Waddinotov, C M , Principles of Embryology. Allen A. 

Unwm, London, 1956. 

6. WosJ, P„ /, Embryol. Exptl. Morphol. I, 182 (1943). 



M. S. C. BIRBECK AND E, H. MERCER 



3 i 

Fig 3. Electron micrograph showing fibrils of koratin appearing in a cortical cell in the upper bulb region (lonpfudinaJ 
McuonV Magnification » 21^,000 Fig 4, A cross'Seciion at high magnification orafibnlshowinglhecomponeotkenlia 
filaments (iight) on a dark ground— the cystme-rich main*. Magnification x 130,000. 


without any evidence of a non*fibrous precursor. 
Filaments can be detected cicctron nucroscopically 
in the bulb cells at a level below which the bire- 
fringence is strong enough to be demonstrated. Such 
filaments are onented parallel to the fibre from their 
first appearance. These observations clearly show 
that the keratin is not synthesised as an amorphous 
precursor which is converted into a fibrous form by 
Its passage through the narrow neck of the follicle. 

In the upper bulb, where the rise in birefringence 
takes place, the cells rapidly fill with filaments (fig. 3) 
and condense to form the rather definite structures 
recognisable in the light microscope as fibrils (0.1- 
0.2 n in diameter). At this level there is sufficient 
material present to enable an x-ray diffraction photo- 
graph to tw made and a typical a-type pattern results 
(fig. I). There is therefore little doubt that the long 
fine filaments are the structures responsible for this 
x-ray pattern which is of such interest to crystal- 
lographers (2). 

Cross-sections of the condensed fibrils (fig. 4), 
show that the filaments are embedded in a 
material which, after osmium fixation, has a greater 
electron scattenng power than the filaments them- 
selves, i.e. the filament sections appear light on 
a dark ground. The most probable interpretation is 
that the osmium is here acting as a specific stain for 
cystine (cysteine) and that the S sites are concentrated 
in the intcrfilamentous regions. Since chemical an- 
alysis of dissolved hair (1) shows the presence of a 
fibrous component (a) with a low S content and an 
amorphous component (y) with a higher S content, 
■we suggest that the a-compooent be identified with 
the fine filaments and the y with the interfilamentous 
cement. Fibrous keratin is thus seen to be a complex 


of “filaments plus matrix" rather than a single 
entity. 

An unsolved question is the contribution to the 
observed birefnngcncc of intrinsic and form factors 
Attempts to determine these contributions by the 
standard method of immersing the hair in a series 
of liquids is not possible, since these invariably fail 
to penetrate. Liquids, which do penetrate the hair, 
either react with it chemically or swell the entire 
structure. In either case the double refraction falls, 
usually irreversibly, to a low value. The structure 
of fine filaments embedded in a highly cross-linked 
matrix suggested by electron microscopy may explain 
these results. The hair is certainly a Wiener body, 
i.e. a system of oriented rodlets embedded in a 
matrix, probably with different optical constants, 
and there is likely to be a form contribution- But, 
since the matrix is by far the more cross-lujkcd 
component, suitable imbibition liquids penetrating 
the matrix alone probably do not exist. 


This investigation has been supported by 
Chester Beatty Research Inititute (Institute of 
Research; Royal Cancer Hospital) bom the 
Empire Cancer Campaign. Jane Coffin ^ildshlem 
Fund for Medical Research, the Anna Fuller Fund, aM 
the National Cancer Institute of the National 
it Health, U.S. Public Health Service. . ^ G 
The authors are particularly gratelui to M’- 
Moreraan for suuplyuig the illustrations 
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Fig. 1. Diagram of the hair follicle showing the development 
of the fibrous structure of the cortex. On the right-hand side 
IS shown the rise in birefringence (An), in the centre the 
x-ray di^raction patterns at several levels are indicated m 
Circles, on the left-hand side the changes in cell shape. 

The two birefringent systems are well defined 
when the follicle is viewed between crossed polaroids 
and measurements (3) show inthecoitex a continuous 
rise in birefringence at the level of the follicular 
constriction. In the Henle layer of the sheath the 
change from the isotropic to the birefringent stale 
occurs in a single sudden step, suggesting a rapid 
transformation of the cell contents. A slower rise 
o^rs in the Huxley layer and the sheath cuticle. 
The comparison of precisely the same fields in the 
polarising microscope and the electron microscope 


has enabled the birefringence to be correlated with 
structure. 

The inner root sheath . — ^This correlation is most 
complete in the Henle layer of the inner root sheath. 
By examining in the electron microscope the area 
in which birefringence first appears, we can see in 
some detail the formation of the fibrous form. The 
rounded, structureless, dense bodies, which appear 
lower down in the cytoplasm of the sheath cells and 
rapidly aggregate to form the large droplets recogni- 
sable in the light microscope as tnchohyalme, are 
seen transforming into fibrils. The details of the 
actual transformation are shown in fig. 2. Fine fila- 
ments (about 100 A diameter) can be seen extending 
in both axial directions from the lenticular shaped 
droplets of the amorphous form. The transforma- 
tion occurs entirely intracellularly and differs from 
anything previously described, although the forma- 
tion of fibrils from solutions of corpuscular mole- 
cules is we.Il known. It would seem that the filaments 
“crystallise” out on the surface of the solid droplets 
and are pushed away from the surface by their 
continued growth. The nearest physical analogue 
would be the growth of single crystals from the 
molten state. Little is knovm of the chemical com- 
position of trichohyaline to assist our speculations 
and the amounts present in the hair are too small 
to make it possible to examine it by x-ray diffraction. 

In the other layers of the sheath (Huxley and 
sheath cuticle) a similar transformation occurs. 
However, it takes place more slowly and the amor- 
phous and fibrous forms can be seen together, in 
the same cells, for a distance of several hundred 
microns above the constriction. 

The cortex . — A very different course of events 
occurs in the cortex. Here the fibrous form appears di- 
rectly in the form of fine filaments (60-80 A in width) 
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The Fine Structure of Keratin 


E. H. Mercer 
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1 HIS article is a sequel to an earlier one [llj, 
iit which the connection between the cellular struc- 
ture of animal hairs and their chemical heterogeneity 
^^as discussed. Hairs consist entirely of dried cells, 
in many of which the normally occurring constituents 
of living matter are still present in an altered form 
along with the extensive deposits of hardened keratin. 
The “cellular remnants,” consisting of nuclei, cell 
membranes, and less well defined cytoplasmic inclu- 
sions, amount to about 10% of the dry weight of the 
fiber. These may be referred to collectively as the 
non-herahtis to distinguish them from the principle 
constituent, the protein keratin. 

The word “keratin" should not be regarded as a 
name for a single well defined substance, but rather 
for a class of intracellular proteins which have in 
common certain properties of insolubility, stability, 
and hardness due to a high content of the cross- 
linking amino acid, cystine. The keratin of the 
cuticle, for instance, differs from that of the cortex 
in not being fibrous; m the cortex itself, the fibrous 
keratin may differ in solubility and stability from 
cell to cell. When, as in wool and other curly and 
crimpy fibers, there is a relation between the fiber 
shape and the geometrical distribution of stable and 
less stable keratin, this type of heterogeneity as- 
sumes a particular importance in determining the 
behavior of the fibers [7, 8, 11]. 

In the present paper we wish to discuss the fine 
structure of the keratin itself, i.e., the structural 
details of a size smaller than can be resolved by the 
light microscope but larger than those responsible 
for the wide angle X-ray diffraction pattern (<10A). 
Structures of this order (10-1(X)0A) are most easily 
studied electron-microscopically ; cur results were 
obtained by an application of the method of thin (or 
ultra) sectioning It will be shown that at this level 
fibrous keratin may be considered to possess a duplex 
structure • — a system of fine filaments (diameter 

60A) held together by an amorphous cement ' The 
fibrous elements may be more or less completely 
fused according to the amount of cement present 


Some of this work, particularly relating to the 
formation of keratin, has been described previously 
(3, 5, 14]. The present paper will be mainly con- 
cerned with its relevance to the structure of keratin 
itself, with special reference to wool. 


Materials and Methods 
The method of preparing thin sections (005- 
0.02/i) of biological materials for electron microscopy 
need not be described here, as it is already a stand- 
ard procedure subject ‘ only to minor variations in 
different laboratories 116, 17). ^Ye have imbedded 
and sectioned both fully hardened hair and wwl (or 
derivatives of these) and partly formed hair in folli- 
cles of fhe skin. Fully harden^ hair has not proved 
easy to section, and, unless chemically modified, the 
sections, when obtained, were not very informative. 
However, the fully formed but incompletely kera- 
tinized hair in the follicle is a more amenable tmte- 
rial; It provided most of the results to be described 
below. Except in the case of the hardened hair, it 
was necessary to fix the material before imbedding. 
The hardened hair is, in a sense, already fixed, and 
fixation has some resemblances to keratmization. 
The only suitable fixative for the hair root is the 
buffered osmium tetroxide solution (1% OsO, a 
pH 7.2) described by Palade [16]. Buffered for- 
maldehyde preserves many of the large szz\t struc- 
tures, but is inferior to the osmium fixative tor ^ 
detail The same conclusion has been J 

electron microscopists ^vho have studied the xa 
of other tissues [16]. . j 

Hair roots or wool roots were plucked, unn 
immediately in the osmium fixative 
2-4 hr., washed, dehydrated, and imbedded m me 
crylate or epoxide polymers, 
disintegrated derivatives of hair, a fixation 
fered formaldehyde solution (10% 
pH 7) was satisfactory. Fiber fragments. j 

enzymatic disintegration or chemically 
fibers, were fi.xed in formaldehyde solution tor 
ivashed, dehydrated, and imbedded. 
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Electron Micrographs of Cross-Sections 
of Protein Monolayers 

Eleoteon micrographs of ctosa-sections of protein 
monolayers have been obtamed in the following 
way. A monolayer of protein, a commercial sample 
of egg albiunen, was spread at the surface of water 
contained in a small Langmuir type trough. This 
layer was then compress^ and crumpled by ad- 
vancing a barrier coated with paraffin wax towards 
a second retaining barrier. ^Vhen the two barrierB 
were about a centimetre apart, the crumpled film 
became visible at the mterface and was lifted from 
the water as a frail thread by means of a wire yoke. 
Portions of this thread were prepared for cross- 
sectioning by d^ydrating in an alcohol series and 
embedding m an epoxide resin*. It was foimd 
advantageous to ‘stain* the specimen first by treating 
it for a short time in a buffered osmium tetroxide 
solution. The thread, darkened and hardened by 
tins treatment, was easier to handle and to see by 
eye in the block and also in the electron microscope. 
Very thin sections- were cut from the block at right 
angles to the length of the thread by the standard 
procedure for electron microscopy* and examined 
m a Siemens ‘Elmiskop I’ microscope. 

The cross-section of the crumpled sheet of protein 
appeared as a tlun, dense, highly convolut^ line 
(cig. 1). Since the thickness of the best sections 
{about 200 A<) was still some ten times that of the 
monolayers (10-20 A.), it was not expected that the 
films viewed end on would everywhere reveal their 
true thickness. The thinnest portions observed in 
osmium-fixed material were m fact about 80 A. 
thick, and some of these appeared double, suggesting 
either that the osmium was deposited on each side 
of the protem film or that more t han a simple mono- 
layer was present. Occasionally a contaminating 
layer was seen adsorbed on one side of the film and 
pmch^-off tubules usually enclosed amorphous 
m^^al which may have been excess proteiiu 
'Kik work is part of an attempt to prepare artificial 
models of cell membranes. Multiple layers and tanned 
jayors are also being examined. It is remarkable 
now closely some of the chance structures m these 
crumpled films resemble sections seen in electron 
miwgTQpiia of such organelles as the mitochondrion 
nnd the Golgi complex. 



The work has been supported by grants to the 
Chester Beatty Research Institute (Institute of 
Cancer Research : Royal Cancer Hospital) £^m the 
British Empire Cancer Campaign, the Jane Coffin 
C^ds Memorial Fund for Mescal Research, the 
Anna Fuller Fund, and the National Cancer Institute 
of the National Institutes of Health, U.S. Public 
Health Service. I am indebted to Dr. R. J. Goldacre 
for many suggestions. 
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soIuWe than the other membranes. It is evident that 
one of the changes occurring during the hardening 
of epidermal structures is a thickening and chemical 
modification of the cell membranes. 

Figure 2 shows the relations of the several layers 
of the cuticle and certain cuticular derivatives as 
they appear in section, and is essentially the same as 
that deduced earlier [lOj. It will be noticed that 
there is no layer between the cortical cells and the 
cuticle cells (i.e., no “subcutis” or “between mem- 
brane”). Alt the various sheetlike or tubular struc- 
tures observed in chemically broken down hair can 
be accounted for in terms of the several layers of the 
cuticle itself or of the membranes of the cortical cells. 

Fine Structure oj Cortical Keratin 

Within the cortical cells themselves are found the 
solid condensed mass of fibrous keratin whose de- 
tailed structure has previously been studied electron- 
microscopically by methods which involved the dis- 
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integration of the fiber into thin fragments. Such 
methods showed that fibrous units of two orders of 
size could be distinguished (see Review in [10] and 
[14]); large fibrils visible in the light microscope 
(--0.2/1 in diameter) and, within these, finer fila- 
ments approximately lOOA wide. A study of thin 
cross sections confirms these findings in essentials, 
but gives a much more complete and satisfacto^ 
view. 

It has proved informative to compare cross sec- 
tions at successive levels in the growing follicle 
which differ in the degree of consolidation of the 
keratin, in order to obtain an insight into the nature 
of one keratinization [5]. An example of such a 
section is given in Figure 3. A higher resolution 
micrograph of a portion of a field, such as that of 
Figure 3, is shown in Figure 4. ^ 

First of all, one notes the existence of the large 
fibrils (seen here in cross section) of a considerable 
range of size and of cross-sectional shape. The high 



Fig. 3. An tltcm imcroeratt 
Df a cross section of a 
upper keratinous zone of a 
hair follicle, showing portion of tw 
:ortcx. Two nuclei are seen at ^ 
and fibrils in cross 5«tion « at c. 
A cell membrane may be fo 
M. P is a pigment granule o 
;he edge of the cuticle. 
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The electron microscopes used were a Siemens 
Elmiskop 1 and a Philips 100. ' 

Results and Discussion 
The Histological Level 

Before proceeding to describe the new results of 
high resolution microscopy, it should be mentioned 
that the use of the electron microscope at low magni- 
fications (<10,000x) has confirmed the findings of 
the earlier work [11] mentioned above, which was 
based on light microscopy. The cellular character 
oi the hair or wool, which is usually difiicult to ap- 
preciate in the light microscope, is immediately ob- 
vious in 'cross sections m the electron microscope. 
The cortex in cross section is seen as a condensed 
mass of cells whose faces meet in complicated re- 
entrant or interlocking surfaces [14]. Since the 
cells are solid, these interlocking surfaces must con- 
tribute to the strength and coherence of the struc- 
ture. The two cell membranes at each interface and 
the nuclear residues may also be seen. 

The conclusion reached earlier [12] that the resi- 
dues, after extraction of wool with alkalies (or after 



Fig. 1. An txami'Ie o( the use o( the method o{ thin sec 
tmirg tor electron microscopy co elucidate the results of the 
thctntw! extraction of a ivool fiber. The fiber has been oxi- 
Oixed by acid and extracted with ammonia \l) The 

kcratm lus bttn entnel)- rcmotcil; the residue consists of 
crIJ mmhranfs M, nuclei A’, and o topfasmic debris D. ITie 
external irembrare C of the cuticle cells, uhich forms the 
n’.cuticlr II icmewVji more dcn*e tlian the imemat m«n- 
*"*'“'* cytoplasmic d«l*ris oJ the cuticle celts forms a 

*tll defned layrr. the cn.JfJcuticle P.P (lee risture 2). 


the extraction of oxidized wool with ammonia), con- 
sisted of cell membranes, nuclei, and other ill defined 
nonkeratins was confirmed by examining sections 
such as that shown in Figure 1, which shows this 
residue. The residue was previously described as 
a tubular structure placed between the cuticle and 
cortex [1]. 

Some new facts have emerged concerning the 
cuticle. That the cuticle possesses in effect a laminar 
structure — a very resistant external membrane 
(epicuticle), a keratinous layer (exocuticle), and 
an inner, nonkeratinous layer (endocuticle) — was 
deduced from an examination of fragments of disin- 
tegrated fiber some years ago [10, 13]. Sections of 
such fragments and also of extracted wool confirms 
these deductions and show that the inner layer (en- 
docuticle) really consists of the modified remnants 
of the cellular apparatus proper to these cells [5], 
The cel! membranes of cuticle and cortex are insolu- 
ble in keratmolytic solvents for unknown reasons; 
the external cell membrane of the cuticle cells (epi- 
cuticle) appears thicker, more dense, and more in- 
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Fig 2. The structure of the cuticle cell and of certain 
cliemically extracted derivatives of that cell as deduced from 
thin secuons <H) portion of an intact cell sbowniK (1) the 
externai cell membrane (epicuticle), (2) the keratinired 
Ia>-cr (exocuticle), (J) the inner layer (endocuticle) consist- 
ing of the condensed cellular apparatus which is not keratin- 
izetl and is insoluble in keratmolytic aolirnts, (•)) the nu- 
cleus. and <S) the inner cell membrane, (//) the membrane 
of the Allworden sacs, (C) the residue of the cuticle cell re- 
nuinlni: after tryptic digeslion, and it)) the cuticular residue 
rrmaimni; after the fiber, oxidized by peracetic acid, fs ex- 
tracted to remove the keratin (21. 


( 407 ) 


864 


the fixative, leading to strongly electron scattering 
deposits of the Jo^ver oxides oi osmwm in the cys- 
tine-rich regions. In brief, the osmium is an **e!ec- 
tron-stain” for cystine The fact that the interfila* 
mentous material is more dense than the filaments' 
must mean, therefore, that there is more cystine in 
the cement than in the filament themselves. 

We are thus led to the filament plus cement model 
for the fine structure of keratin, which has already 
been suggested on other grounds [I, 10, 13J. In 
Figure 5d this model is shown diagrammatically. 
The filaments are the fibrous units of the complex 
and must be the structures responsible for the wide 
angle X-ray diffraction pattern (the ^-pattern) stud- 
ied by Astbury and his collaborators [2] . These units 
may be referred to as a-filaments for this reason. 

The cement is probably a protein of different com- 
position from the filaments, particularly in respect of 
the frequency of cystine residues, which may be as 
high as 1 in 2 or 3. Its extensively cross-linked 
character possibly explains why it is not fibrous 
Keratinization would thus seem to be a process 
whereby an insoluble complex is formed by imbed- 
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ding a system of rather soluble filaments in'a vtiy 
insoluble cement. Degrees of keratinization can k 
conceived to arise from differences in the amount o{ 
cement present. Where the keratinization is more 
extensive, e.g,, in the paracortex of wool fibers, the 
amount of the cement protein is probably increased, 
leading to a somewhat higher sulfur content 

Chemical Extraction of Keratinized Fibers 
This model is of value in explaining what might 
be expected when attempts are made to dissolve 
keratin. Assuming all the cystine cross-linkages are 
broken, one may expect to obtain derivatives of both 
filaments and cement. This seems to be the case 
when peracetic acid used to oxidize the cystine, as 
has already been suggested by Alexander [I]. Other 
solvents may extract more or less of the two compo- 
nents in various states of breakdown, but iu any case 
an electron microscopic study of thin sections of the 
e.xtracted material (Figure I is an example) would 
be necessary to reveal the precise nature oi the at’ 
tack. This kind of collaboratioti betw’eea electron 
microscopist and chemist seems essential in further 
work on the composition of all heterogeneous fibers. 



Fig. 5. A diagram to illustrate the structural features of 
cortical keratin as described in the text l->4) two corfiraj 
cells from wool in cross section showing nuclei and fibrils. 
Oa the left ts an ortho-type cell in which the fibn/s remain 
separate On the right is a para-type cell in which an ex- 
tensive lateral fusion of the fibrils has occurred This situa- 
tion prevails in human hair, (S) two modes of arrangements 
of the spiral structures Within the fibrils seen in cross set- 
tions of hair (See Figure 6). (C) suggested twisted arrange- 
ment of the filaments in a fibril which can lead to appear- 
ances such as S in cross section and which can unroll and 
lead to sheets of filaments, and (Z?) the “filament plus ce- 
ment” model for fibrous fceratin The a-fifaments (la^ 
dots, diameter about dOA) are imbedded in a sulfur-ri^ 
cement (fine dots — y). 


The Organization of the Fine Filaments IFitliin the 
Fibrils 

In the center of the fibrils shown in Figure 5 it 
will be seen that the filaments are packed in an ap* 
pro.ximately hexagonal array; in other areas, partic- 
ularly towards the edges of the fibrils, they appear ta 
be arranged in a series of parallel rows, and the indi- 
vidual filaments are hard to make out. In 
graphs, such as Figure 6, spirals and whorls nu} 
seen clearly. These structures, which are not clcany 
developed in earlier aggregates of fibments forme 
lower down in the follicle, appear to be a fmw ® 
consolidation of the structure brought about by the 
adhesive effect of the interfilamentous cement. 
reason why rows or lines of filaments are se^ iatb« 
tlian single filaments is not immediately obvwus. nor 
do fongitudinal sections clear the matter up • 
likely explanation is that, where whorls are seen 
cross section, the fibrils are also slightly 
around their long axis. When cross-sectione 1 
Figure 5c), only those filaments which are 
right angles to the section will be seen end on, 
will appear as dots ; others will be tilted to ^ ® ^ 
of the section; their images will partly fuse an 
pear as parallel lines, Twisted fibrils have m 
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sintegrated wool [15] and in 
of follicles. 

mations sometimes reduce to 
Is, but more often the geometry 
idjacent fibrils fuse extensively, 
igure 5 show some of the charac- 
One is reminded of the spiral 
1 on the surfaces of crystals, which 
growth patterns centered around 
crystal lattice. Possibly the origin 
oris will be found in similar defects 
long filaments. The filaments may 
a quasi-hexagonal pattern, as in the 
acco mosaic virus. However, this 
[ scarcely persist for long. The fila- 
pposes, are not perfectly rigid, and 
.vould be introduced. In later stages 
more likely that further filaments (and 
cement) would be added as suggested 
, which would lead to the growth of 
j or more arms. 

possibility, not easy to test, is that the 
ong the individual filaments is greater m 
al direction than in the radial. This pos- 
iggested by the results of Jeffreys, Sikor- 
Voods [9], who find that certain disin- 
procedures break the keratin into sheets 
n into bundles of filaments Disintegration 
>duce either fibrous bundles or sheets, re- 
rom an unrolling of the “scrolls" (Figure 
irding to the treatment. 

Summary 

...... application of the technique of cutting thin 

. s for electron microscopy to the problem of 
ructure of hair and wool confirms the earlier 
obtained by disintegration methods as sum- 
ed in the Review by Lindberg et al. [10] 

Both cortex and cuticle are cellular and the 
lal constituents of biological cells are still pres* 
m a dried and altered form, along with the intra- 
ular deposits of keratin in the final hair. 

1. Tlic cell membranes are fused together and 
omicaWy altered in such a way as to be insoluble 
kcratinolytic solvents. They arc therefore left as 
residue when the keratin is c-xtracted. Nuclei and 
<rl.iin cjtoplasmic residues have also become in- 
olublc in such solvents. 

4. The outer cell membrane of c.ach cuticle cell is 
{virttcubrly thick, dcn<:e, and insoluble, and consti- 


tutes the special membrane referred to as the epi- 
cuticle. Within the cuticle cell the contents are lami- 
nated . an outer (nonfibrous) layer of keratin and an 
inner layer, a residue of the cell apparatus which, 
although very insoluble, is not keratin. 

5. The fibrous keratin of the cortical cells consists 
of condensed bundles or fibrils of fine filaments («- 
filaments, width ca. 60A). Further, the large bun- 
dles (or fibrils) may be extensively fused laterally 
to give massive irregular aggregates (0.05-0.2/x) . 

6. This condensation is more extensive on the 
para side of wool fibrils than on the ortho (outer face 
of crimp wave), and explains the greater insolubility 
of the paracortex. 

7. The tt-filaments are held together in the fibrils 
by a cement which does not appear to be fibrous and 
has a higher cystine content than the filaments. The 
same cement holds the fibrils together when they 
fuse into aggregates. 

8 The protein of the cuticle is not fibrous and ap- 
pears to bear some resemblance to the cement sub- 
stance of the cortex 

Acknowledgments 

Much of this work was carried out in collaboration 
with Mr. M. S. C. Birbeck, to whom the writer is 
most grateful for permission to reproduce several 



Fig. 6. Cross section of the cortex prior to the final con- 
densation. shoxsinc the spiral arrangement of the filaments 
sxithm the fibrils A similar appearance is produced in the 
final hair if it is reduced and stained \silh the osmium fixa- 
Use, C is tJic edge of the cuticle; T is a pigment granule. 
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been observed in disintegrated wool [15] and in 
longitudinal sections of follicles. 

These whorl formations sometimes reduce to 
rather regular spirals, but more often the geometry 
is less ideal and adjacent fibrils fuse extensively. 
The drawings in Figure 5 show some of the charac- 
teristics observed. One is reminded of the spiral 
structures observed on the surfaces of crystals, which 
are attributed to growth patterns centered around 
dislocations in the crystal lattice. Possibly the ori^n 
of spirals and whorls will be found in similar defects 
in the packing of long filaments. The filaments may 
at first pack in a quasi-hexagonal pattern, as in the 
tactoids of tobacco mosaic virus. However, this 
regularity could scarcely persist for long. The fila- 
ments, one supposes, are not perfectly rigid, and 
slight defects would be introduced. In later stages 
it would seem more likely that further filaments (and 
the adhering cement) would be added as suggested 
in Figure 5&, which would lead to the growth of 
spirals of one or more arms, 

A further possibility, not easy to test, is that the 
adhesion among the individual filaments is greater in 
the tangential direction than in the radial. This pos- 
sibility is suggested by the results of Jeffreys, Sikor- 
ski, and Woods [9], who find that certain disin- 
tegrative procedures break the keratin into sheets 
rather than into bundles of filaments. Disintegration 
could produce either fibrous bundles or sheets, re- 
sulting from an unrolling of the “scrolls” (Figure 
5c), according to the treatment. 

Summary 

1. The application of the technique of cutting thin 
sections for electron microscopy to the problem of 
the structure of hair and wool confirms the earlier 
views obtained by disintegration methods as sum- 
marized in the Review by Lindberg et al. [10] 

2 Both cortex and cuticle are cellular and the 
normal constituents of biological cells are still pres- 
ent in a dried and altered form, along with the intra- 
cellular deposits of keratin in the final hair. 

3 The cell membranes are fused together and 

ahered in such a way as to he insoluble 
in keratinolytic solvents They are therefore left as 
a residue when the keratin is extracted. Nuclei and 
certain cytoplasmic residues have also become in- 
soluble in such solvents. 

4 The outer cell membrane of each cuticle cell is 
particularly thick, dense, and insoluble, and consti- 


tutes the special membrane referred to as the epi- 
cuticle. Within the cuticle cell the contents are lami- 
nated: an outer (nonfibrous) layer of keratin and an 
inner layer, a residue of the cell apparatus which, 
although very insoluble, is not keratin. 

5. The fibrous keratin of the cortical cells consists 
of condensed bundles or fibrils of fine filaments (a- 
filaments, width ca. 60A). Further, the large bun- 
dles (or fibrils) may be extensively fused laterally 
to give massive irregular aggregates (0.05-0.2fi) . 

6. This condensation is more extensive on the 
para side of wool fibrils than on the ortho (outer face 
of crimp wave), and explains the greater insolubility 
of the paracortex, 

7. The a-filaments are held together in the fibrils 
by a cement which does not appear to be fibrous and 
has a higher cystine content than the filaments. The 
same cement holds the fibrils together when they 
fuse into aggregates, 

8 The protein of the cuticle is not fibrous and ap- 
pears to ^ar some resemblance to the cement sub- 
stance of the cortex. 
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Fig 6. Cross section of the cortex prior to the final con- 
densation, showing tile spiral arrangement of the filaments 
within the fibrils A similar appearance is produced in the 
final hair if it is reduced and stained with the osmium fixa- 
ti>e. C IS the edge of the cuticle; P is a pigment granule. 



B. BOYMNP 


• 272 


and rats and these are the species which one 
would z*ecommend for testing suspected car- 
cinogens. Mice, hamsters and rats have ad- 
vantages in that they are smaii and so easily 
housed and fed, and develop cancer moi*e 
quickly than other species. It is generally as- 
sumed that the latent period of carcinogene- 
sis in different species is propoi'tional to the 
usual life span of the species ; the cai'ciiio- 
genic process would seem to be some thirty 
times more rapid in mice than it is in men. 

Many pure lines of mice are available wbicli 
might be more suitable for carcinogenicity 
testing than stock mice. Such mice of inbred 
strains have the advantage that the incidence 
of spontaneous tumors in the strain is known 
and reasonably constant. To my mind inbred 
animals are unsuitable for testing new sub- 
stances for cai'cinogenic action because the 
strain chosen might be particularly resistant 
to the carcinogenic action of a particular com- 
pound. By using stock mice in whicli there 
is some genetic variation the chance that all 
tlic members of the group have such resis- 
tance is reduced. For quantitative assay of 
carcinogenic activity of substances which are 
closely related In chemical properties, pure 
line animals might have advantages (cf. Boy- 
LAND and Warren 1937, Shimkin and 
Andervont 1940). If pure line animals are 
used for carcinogenic tests with new com- 
pounds then more than one strain should be 
used. First generation (F,) hybrids have ma- 
ny advantages for carcinogenicity tests. 

The Influence of Sex. 

The incidence of induced tumors is fre~ 
qiiently different in the sexes. Thus female 
mice of strains A, C3H,’C and C57 block 
strains are more susceptible to induced hepo- 
tomata than are male animals of the same 
strains. Male mice of strain A are more sus- 
ceptible to the carcinogenic action of small 
doses of 3 : 4 benzpyrene than are female 
mice. Because of this sexual difference in 
response to carcinogenic stimuli new agents 
should be tested on groups of each sex. 

Route of administration. 

In addition to skin painting — the method 
of application m the first successful experi- 
ments in carcinogenesis — materials may bo 
administered by inhalation, ora! administra- 
tion (either in food or by instillation into the 


stomach), or injection by intraderma!, intra- 
muscular, iutvaperitoneal or intravenous rou- 
tes. Each of these methods of administration 
has advantages in different cases. 

Thus, skin painting is'‘partlcijlaj*ly suitable 
for testing products such as oil and coal tar 
derivatives which might induce skin cancer 
in man. Skin tumors can be observed as they 
,'ippear which facilitates this type of experi- 
ment. Most of the investigations on co-carci- 
nogenesis have been carried out by skin pain- 
tings on mice and such investigations allow 
one to determine of a substances has cithci ' 
initiating or promoting fi.e. co-carcinogenic) 
action. The possible importance of co-cam- 
iiogenesis is discussed later. 

Inhalation and nasal insufflation are me- 
thods of application of materials which ha\e 
in genera) not been effective in the past but 
are of obvious importancirin viewof thegreat 
increase in the incidence of Jung cancer in 
man. One of the difficulties is that aerosols 
of carcmogenlc compounds are dangerous to 
handle. Bronchial carcinomata resembling 
those occuring in man appear to have been 
produced with aerosols of beryllium 0 OR* 
WAT>P 1952) and radioactive strontium (Lisco 
and Finkel 1954). 

It could be argued that the appmpnRts 
method of testing compounds which might 
be used in food, or drugs to be taken 
would be by oral administz'ation. Such sut*- 
stances should indeed be tested in this way 
but testing by pai-entei*al injection ‘s some- 
times more effective and convenient. If t ^ 
material under test is a potent . 

then the mixing of large amounts of t 
containing the material and the 
of contamination of personnel by the 
scattered by the e.vperimental animals 
difficult. The measurement of the amount o 
carcinogen consumed in such expeumen 

'"’Th^Mhiiique of injecting mafei ial into to 
Stomach of animals with a syringe , 

needle or plastic tube some 

these difficulties, and is Portfoulaylj suits 
for stwd.dng substances which might 
cancer of the stomach on ingestion. 

Tests of a number of the carcinogomc 
ter soluble decs such as Light • 

(SCHILLER 1937) which proved to '* » 
nogenic following injection into ' - 

formed the basis on which 
been prohibited as food additives m 
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The determination of carcinogenic activity 
presents difficult problems many of which 
are still unsolved and are of great interest 
and importance. Decisions as to whether a 
substance should be used in food, medicine or 
in other ways must depend on such determi- 
nations. Any tests for cancer producing po- 
wer must necessarily take much time and ma- 
terial and may, in the end, be inconclusive. 

Knowledge of carcinogenic activity is nee- 
ded for immediate application so that the 
public can be protected from carcinogenic 
substances in the environment or in food or 
drugs. The study of carcinogenesis is also of 
interest as pure science and may lead to un- 
derstanding of the underlying causes of those 
cancers which are now considered to be spon- 
taneous. This report which is put forward as 
a basis for discussion, is mainly concerned 
with environmental carcinogens and the quan- 
titative aspect of the problem is not emphasi- 
sed because it is considered that even the 
^allest trace of a carcinogen is dangerous. 
The available data on the quantitative aspect 
of carcinogenesis by hydrocarbons do not sue’- 
gest that there are safe concentrations nf 
carcinogens. ■ 


The Choice of Species. 

For most practical purposes we should |j 
to know whether a substance will oroH.. 
cancer in man. We know that cigarette Z 
he, chimney soot, carbon Mack, certain ^ 
ncral oils, coal tar, 2-naphthylammc Wu 
PC, 4-.-iminodiphenyl, asbestos, sodium aZ 
te and stilboestrol cause cancer in 
oi these only the last two are u^ 
anc. The carcinogenic action of a« 
malermls except asbestos and arseii1i.i‘\' 
been demonstrated in one anim.^" “ ’ *’■ 
another. Sodium arsenite is particSi”. 


i.eicauuB lui aiiuougn Jt unaouDieaiy inauces 
cancer in man it does not produce cancer in 
any experimental animal in ivhjch it has U-<-n 
tested. A less extreme e.xampJe of t species 
difference is found ,with 
which causes Madder cancer in man and in 
dogs but not in any other specks of 
mental animal ‘ ^ 

miTid “W'hiental animal, i, 

mitcd 0 vertebrates because cancer a, ' 

occasionaijy S thc stadi ? 

Tomors have been in,rmif 
of birds (c.g, PEAcocy^i'Wi!*'w''^^ 

Nkt-S, ShRICLCT aJd ,5’’ ^«f.V.EET. 
of these , 

vantages for ^ 

substances. U 

to injected 

<freiPFE„ and a“ 

'>ecn induced in ,'//">• Tor;/-,.! f.,,. 

Pifccapigs 15 ( 7 , 

SipsIpB? 

. Vie n„:„. , ' 
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should be minimal in order to reduce damage 
or irritation. In mice doses of 10 ml. per Kg. 
body weight are convenient to give either by 
injection into tissues or instillation into the 
stomach. Doses of 5 ml. per Kg. body weight 
are convenient for rats. 

Dose employed. 

The dose employed should, in general, be 
the maximum tolerated, bearing in mind that 
cancer induction is slow so that for carcino- 
genesis animals must live for long periods 
and that the toxic action of some carcinogens 
is delayed and cumulative. In some cases, 
e.g. with 5 :9 :10 trimethyl 1 :2 benzanthracene 
(Badger et al. 1940) there is an optimum 
dose for carcinogenesis indicating that tests 
at different levels are probably desirable. 

If a dose response cun’e can be established 
as in the case of some carcinogenic hydro- 
carbons then it is possible to calculate the 
dose which would be expected to produce 
cancer in any proportion of animals. 


-being due to resistance of the treated animals 
is reduced. Potent carcinogens such as me- 
thyl cholanthrene should not be used as con- 
trol substances except perhaps in marginal 
doses, such as might be expected to induce 
cancer in half of the treated animals. 

With new classes of substances to be tested 
it is often difficult to decide upon an appro- 
priate substance for the positive control. If, 
however a tested substance gives no tumors 
\yhen a weak carcinogen tested at the same 
time gave tumors, then the significance of 
the test is greater than if no positive control 
animals were used. 

For tests to show that'a substance is car- 
cinogenic the incidence in the treated group 
of animals must be statistically significantly 
higher than in the control series. This can 
frequently be made with greater .economy of 
means if a large group of control animals is 
used and several substances are tested during 
the same experiment. (See table I). 


Cocarcinogenests — initiators and promoters. 


Duration of experiment. 

In testing weak or slowly acting carcino- 
gens the animals should be treated for some 
considerable period ; this should be at least 
twelve weeks and can be one year or the du- 
ration of life of the animals. Even if treat- 
ment is stopped after one year the control 
and treated animals should in general be al- 
lowed to live out their life span when treat- 
ment has finished. 

Recommendations have been made that 
treatment should be carried out over three 
generations of animals. Although this would 
be a thorough test, in the author’s opinion 
it would be too difficult to carry out with 
the large number of products which need to 
be tested. 

Controls. 

The necessity of carrying out controls on 
the solvents used in carcinogenesis has been 
mentioned. In addition to such « negative > 
controls, « positive > controls with a kno^vn 
carcinogenic agent, which is similar to the 
substance under test in chemical properties 
or other features, should be carried out. By 
this means the possibility of a false negative 


Experiments carried out on mice have 
shown that in skin carcinogenesis there are 
two distinct stages, of initiation and promo- 
tion (cf. Bebenblum 1954). Substances 
might therefore profitably be tested initia- 
tors or promoters of carcinogenesis, althougn 
substances which have been described as car- 
cinogens generally have both types of acti- 
vity. In most of the experiments in this iieia 
croton oil has been the promotor or cocarci- 


nogen employed. . . 

To test for cocarcinogenic activity mice are 
treated with a single s“*>fhreshoH dose cl 
carcinogenic hydrocarbon such as 
thyl-1 :2-benzanthracene and later witn - 

peated doses of the cocarcinogen. The pcem 

findings of Salaman and Koe < 1954 ) tM 
urethane (ethyl carbamate) is a P>;« 
tor (i.e. it does not produce any skin tumo 
unless the sltin it treated later '™ f ““i. 
cinogen) indicate that urethane be m 

re suitable than 9 :10 dimethyl-l -Z-benzan 

thracene for use as an initiator m sue • 
In assays of this kind both 
(animals without cocarcinogen) and posni 
tests (animals treated with an active croton 
oil preparation) should be include. 

In testing for initiator activity the t 
substance is applied to the skin whic 
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As parenteral injection is more exact 
more easily controlled it would seem to be the 
method of choice in the investigation of such 
food additives, but Truhaut (1955) consi- 
ders that substances of this type should be 
administered by mixing in the ammai diet. 
Although such dyes may not be absorlwd 
from the rat alimentary ti*act they might be 
absorbed either from the human alimentary 
tract or from an abraded or otherwise abnor- 
mal tract. Absorption might be influenced by 
other substances present m food. 

Parenteral injection is the most widely 
used method of administration of carcinogens 
and this method has obvious advantages. 
Cancer can be induced by a single intramus- 
cular or subcutaneous injection of a potent 
carcinogen but with many substances repea- 
ted injections are necessary. Subcutaneous 
injections 'can be given frequently and are 
usually made twice weekly for a period of 
betn-een twelve weeks and one ycai . 

Intravenous injection has been used extensi- 
vely only with mice and rabbits. In the former 
species the tail vcm can be used and in rab- 
bits one of the veins in the ear. Intravenous 
admuiistvation of solutions ov suspensions of 
carcinogenic hydrocarbons into mice usually 
induces cancer of the lung (c.g. StitMKiN and 
Lorenz 1912). 

The implantation of pellets containing sus- 
pected carcinogens into the bladder of ro- 
dents has been of value m the investigation 
of bladder cancer (MAisiNaud Picard 192-1 ; 
IlONSER. Clayson, .Iull and Pyraii 1952 : 
POYLAND and Watson ID.'jG). With this mv- 
tnod the possibilities of metabolism of Ibe 
admuMsteved comiimmd are reduced so that 
some evidence as to whotlicr a substance »s 
a carcinogen j»ri sr or only after some meta- 
iKdic change can be obtained. Tlius, Bonser. 
cuvso.v, Jull and Pyrmi <l9r>2) were able 
to show that 2-naphlhylamine did not induce 
oladder cancer under such conditions but that 
one of its metaliolitcs 2-amnio-l-naphthol dnl 
do so. Lxpenmpnlal bladder implantation has 
not U'cn very widely use<} but it appears to 
be extremely useful in the field of carcino- 
g'^nesis. 

Sotvrnls or vchicla 

Substances ulucb aiv soluble in water an* 
|>rob.ibly iH'st admmistrreii in atjueou.s solu- 
tion ; even insoluble substances such as the 


polycyclic hydvocaYbons have induced tumors 
following injections as aqueous colloidal sus- 
pensions (Boyland and Burrows 1935). 
Solutions prepared for injection should be 
approximately isotonic with body fluids as 
injection of concentrated solutions of sodium 
chloidde (cf. TOKORO 1940), glucose (cf. NlS- 
HiYAMA 1935) or fructose (cf. Takizawa 
1940a) have induced sarcomata. Such tumors 
ave probably caused by the osmotic pressure 
of the mjected solution rather than by any 
specific chemical action. 

The classical investigations into carcinoge- 
nicity of polycyclic hydrocarbons by Kenna- 
WAY (1930) were carried out by painting 
solutions of the substances on the backs of 
mice. Most workers have used benzene as sol- 
vents for this kind of experiment, but acetone 
had also been employed. Both these solvents 
volatilize rapidly leaving the solute deposited 
on the skin. 

Oil soluble substances such ns the hydio- 
carbons have usually been injected m oil'so- 
lutions. In the early experiments (e.g. Bur- 
rows 1932) the hydrocarbons were dissolved 
in lard but this has a number of disadvanta- 
ges. It must bo warmed for injection ; it is 
of unknown and variable composition ; il 
pioduces a few tumors, when injected alono. 
and the activity of a carcinogen appears to 
vary with different batches of lard. The ve- 
getable oils of arachis, olive and sesame an- 
probably more convenient than lard but some 
batches of these (e.g. arachis oil), are also 
carcinogenic so that solvent control expon- 
mciits must be performed. 

Synthetic tricapryhn has some arlvantages 
over the natural oils ; it is not a mixture but 
a substance of known structure which being 
saturated is less chemically reactive than the 
natural oils. The results of SmMKfN and An- 
DERVONT {1910b) inilicate that it i.s the sol- 
vent of choice for carcinogenic hydrocarb<ms 
U does not seem to have been used as a sol- 
vent for carcinogene.sis with aromatic amines 
but Jt should be very suitable for tlu’se. 

Kmulsifying agents sucli as polyethylene 
glycol esters and sorbitan csler.s flj.s.solve hy- 
drocar\)ons and .such sohition.s arc carcinogi*- 
nic to the skin and the stomachs of mice 
<SET\bA 195 1). 

Thr robimr of rofafion uxed. 

The volume of the material n<lminislcre<l 
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cinomata occurred in the mice which received 
the smallest doses. 

Some substances which are perhaps looselv 
described as carcinogenic produce lesions 
which are not malignant. Thus urethane pro- 
duces adenomata of the lung and urethane 
followed by application of croton oil to the 
skin produced skin papillomata. Such lesions 
are not rancors in the strict pathological 
sense of the term, but in making recommen- 
dations about substances of this type it must 
not be forgotten that adenomata or papillo- 
mma may be precancerous lesions. 

The author has previously suggested that 
some carcinogens differ from other toxfc 
threshold or safe level exists 
and Druckrev (1951) has emphazized that 

effects. Although these generalizations can- 
not be proved for man, they are the only 
reasonable assumptions on which recommen- 

tte°oL“” ‘’"i™'’"- of ‘he quS- 

f carcinogenesis (Bov- 

land and Warren 1937, Bryan and Shim- 



^be data on 1 ;2-5:6-dibenzanthracene 
(Bryan & Shimkin 1D42) which ajtrce\Mth 
the findings of Lettinga (1937) and of Do- 
BROvolkaia-Zavadskaia (1938) indicate 
that oven the smallest doses of this carcino- 
gen wouiri induce cancer in some animals 
This is shown more clearly when the (ios^ 
response relationship or 1 ■ 2 - 5 : 6 -dibenzan- 
thmcene is plotted linearly as it appears as 
a straight line passing through the origin, 
while methyl-cholanthrene and 3 : 4 benz- 
pyrene have S shaped curves which are very 
much less steep than the curve for mortality 
of mice dosed with potassium cyanide. These 
latter curves are of the same form and indi- 
cate that there are safe doses levels for these 
substances administered to mice. Using the 
dose-response curve for 1 :2-5:6-dibenzanthra- 
cene, and assuming that it remains linear 
even to the lowest dose,, the dose which would 
kill a certain proportion of animals can he 
estimated. Extrapolation of the data of Tips 
f or s would indicate that a dose of 0,5 pg. 

I ’2-5 ■6-dibenzanthracene would induce can- 
cer in one mouse in each five hundred treated- 
The data of Bryan and SHIMKW indicate 
that doses 4 jxg. methyl-cholanthrene or of 
30 Jig. 3 : 4 benzpyrene are below the car- 
cinogenic threshold for mice. Data on 
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sequently treated repeatedly with croton oil 
or other effective co-carcinogen. Again both 
negative and positive controls (i.e. with a 
kno^vn initiator) must be carried out at the 
same time. 


Pathology. 

Once lesions have been obtained following 
treatment with a carcinogen they must be 
examined histologically. Many examples of 
non-malignant lesions such as granuloraata 
which macroscopically resemble cancer, have 
been mistaken for true cancer. 

Tumors must then be classified particular- 
ly into hyperplastic or metaplastic lesions, 
benign tumors such as adenomata and papil- 
lomata, and the malignant carcinomata and 
sarcomata. From the type of tumor, indica- 
tions can be obtained as to the possibility of 
the tumor having arisen spontaneously and 
thus independently of, the carcinogen applied. 

The significance of non-malignant tumoi’s 
in the practical assesment of the hazai'd to 
human health is discussed later. 


Other tests. 

Up to the present no short term tests have 
been devised which would give a valid indi- 
cation as to whether a substance is carcino- 
genic or not. As carcinogenesis is a radio- 
mimetic effect (cf. Boyland 1951) substan- 
ces which produce other radiomimetic effects 
arc likely to be carcinogenic. The most widely 
studied effect from this point of view is the 
inhibition of growth by carcinogens first ob- 
soiwed by Haddow (1935). The use of this 
test has lead to the discovery of now carci- 
nogenic agents such ns the aminostilbenes 
(Haddow, Harris, Kon and Roe 1948). 

Tlie greying of hair of colored mice follo- 
wing intradcrmal injection is another effect 
winch parallels carcinogenesis to some extent 
(Boyland and Sargent 1951). 

Carcinogens are often mutagenic (Boyland 
1951) and cause chromosome damage (Rol- 
ler 1951) so that nnv .substance with these 
nropertics should bo regarded with suspicion 
from the point of view of carcinogenesis, 
^onc of these tests however can give more 
than an indication that the substance mav 
l>e In fact carcinogenic. The occurrence of 
such effect.^ in plant materials is, however. 


less signicant than when they are seen in 
animal tissues. Thus maleic hydrazide produ- 
ces chromosome damage in plant cells but not 
in animal cells and is probably not carcinoge- 
nic. On the other hand urethane causes chro- 
mosome damage in animal cells but not rea- 
dily in plants and induces tumors in mice 
and rats. 


Interpretation. 

Because experiments in carcinogenesis may 
take years to complete, they should be plan- 
ned with care, bearing in mind the interpre- 
tations which might be placed on the results. 
Many of the substances which are of impor- 
tance in regard to health are weak carcino- 
gens. They may be designated as weak either 
because they produce cancer in a small pro- 
portion of animals or because they are slow in 
acting. These two aspects — the proportion 
of animals affected and the time taken to 
produce the effect — should be considered 
separately. If the substance produces tumors 
in only a small proportion of treated animals, 
then relatively large groups of animals must 
be used in both the control groups and in the 
treated group. If the carcinogen is slow ac- 
ting, then groups of animals must be large 
enough for enough to survive until the time 
of tumor incidence to give a significant re- 
sult. The numbers of animals necessary to 
obtain statistically significant results with 
values for the incidence of cancers, and as- 
suming no tumors occur in the negative con- 
trol group are indicated by date given in 
Table 1. These numbers refer to the animals 
surviving to tumor age. If a substance pro- 
duces cancer in a number of animals which 
is just too small to be of statistical signifi- 
cance, the tests should be repeated. 

A difficulty arises if the tumors which 
develop arc of different types. For example, 
if in a group of twenty treated mice one lung 
carcinoma, one hepatoma, one sarcoma at the 
site of injection and one carcinoma of the 
kidney develop, the possibilitv that these tu- 
mors are spontaneous would appear to be 
greater than if all the tumors produced were 
of the same type. The data prc.sentwl by Let- 
TINCA (1937) arc intcrc.sting in this respect 
as the largo doses of 1:2-5 :6 dilwnzanthra- 
cene induced sarcomata, intermediate doses 
induced lymphosarcoma while mammar>* car- 
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The dose employed should be the maximal 
which the animals are likely to tolerate with 
repeated doses over the treatment period 
which should be of the order of one year. 
Similar groups of control animals should be 
dosed with the solvent employed and kept 
undei* the same conditions, if the material is 
injected in aqueous media the solutions should 
be approximately isotonic. Other groups of 
animals should be treated with a known car- 
cinogen related, if possible, to the substance 
under test. The carcinogen used as positive 
control should bo such as would be expected 
to produce tumors in about one half of the 
animals. 

If a significant proportion of the treated 
animals develop cancer, then the result is 
clear cut but occasionally tumors develop in 
a number of animals fewer than required for 
the usual statistical significance. In the latter 
case the decision must bo made as to tvhether 
the test shall be repeated or the substance 
considered to be harmless. 

Another problem arises in deciding whe- 
ther a compound found to be carcinogenic 
by injection should be prohibited from use 
in food or whether tests in which the com- 
pound is administered orally should be per- 
formed. In the author’s opinion the use of a 
substance known to be carcinogenic by injec- 
tion should be prohibited from general use in 
food, drink, cosmetics, contraceptives, deter- 
gents or other pivdacts used by the general 
public. If the substance is to be used in me- 
dicine, it should be prescribed only by a doc- 
tor who is in a position to assess the relative 
advantages and dangers which the use of the 
substance involves. 
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there are approximately 2000 times as many 
cells in a man as in a mouse, then each indi- 
vidual human cell would have only 1/2000 
chance of being affected by the same dose of 
a carcinogen as a cell of a mouse given the 
same dose. As there are 2000 times as many 
cells in a man as in a mouse the final proba- 
bility of any one cell being affected will be 
the same. This would mean that the same 
dose of carcinogen would be as effective in 
a man as in a mouse. This is similar to infec- 
tion where a single cell of a pathogen or a 
small amount of virus might lead to the death 
of a large or small animal. In the case of in- 
fection the invading pathogen multiplies m 
the host ; in the case of cancer the original 
cancer cell or group of cells proliferate, but 
the original cancer is independent of the size 
of the host. 


toxicity of potassium cyanide indicate that 
doses of less than 5 mg, per Kg, do not kill 
mice. On the othei’ hand the results with 1 :2- 
5.6-dibenzanthvacene give no indication of a 
non-carcinogemc dose and if such exists it 
must below 2 p.g. as this dose induced sar- 
comata in two out of seventy-nine mice which 
were treated. If there is no safe dose for this 
carcinogen, which is one of the few which 
have been investigated quantitatively, then 
for prudence one must assume that there is no 
safe close for carcinogens in general. 

It has also been suggested (Boyland 1953) 
that the usual relationships of the effective 
doses of drugs being proportional to the body 
weight or surface area of the animal do not 
hold with carcinogens because cancer can 
develop from a few cells or possibly from a 
single cell. In the first place the carcinogen 
may be localized, in which case it would af- 
fect the same number of cells were it localized 
in a large or small animal. If cancer arises 
from a single cell and assuming equal suscep- 
tibility for the cells of the different species, 
the probability of cancer being produced 
should be independent of the size of the ani- 
. mal. Even if the carcinogen is not localized 
the effect may be independent of animal size. 
The chance of cancer developing is presuma- 
bly dependent on the number of « effective 
collisions » between carcinogen molecules and 
susceptible cells, and there is no reason why 
the number of such collisions should be de- 
pendent on the number of cells exposed. If 


CONCLUSIONS 

As a practical measure a substance to be 
tested for carcinogenic action should be in- 
jected twice weekly into groups as indicated 
m tnbie 11. 

TABJ-E 11 


Nuinb<r< 0 / gtoiipi of animoh for atirssment 

0 / eoreinogenteity 



Type of animals used 

Stock 

pure Line 

1 

1 Hybrids 

1 of 

pure lines 

NiiOilier of lines 

1 

' 3 

2 

Se*«s 

2 

2 

■2 

Koutea of aJnnnistralinn 

2 

2 

2 

Dose levels 

2 

2 

2 

Species 

2 1 

1 

2 j 

2 

Total Ruinher of animals 




assuming groups of 20. 

320 ' 

e-i0(’> j 

4800 


(I) AisHimnj; that i puri* of one species (og, 

mice) und Mock rkiiiiaU of The second species (e.^. 
rMs) nre uieil. 

fd) Assuming that 2 F, hybrids of pure lines of ore 
Species (eg. mice) and stock animals of the second 
speeiea (eg. rot") are used. 
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in order to maintain constant pH. Tabic I shows the ofTect of various buffer 
conceritrationa on tho pH of jivo uriiio samples. The system nrc^'iouslv 

wsed (6) does not always bring tho pH of tho nrine mixture within tho required 
limits of 4'3-4-8 (Boylnnd, Wallace and Williams, 1055) but, by usinn 0*2 m 
acetate buirer (c) the required conditions can be estabiished. Under these 
conditions neitlicr the original alkaline buffer (d) nor a buffer of twice Ha strength 
(c) is suflic/entiy strong to give a final pH -within tho range l0-0-10'5. Tlie system 
(y) was finally selected as the one giving tho most constant pH conditions. 


Table 1. — T/ie Effccl o/ ^ujfer Concentration on the pll oj iha Test Solution 

(pH) 


Specimen No. 1 2 3 ' 4 5 

' ” .... 6'30 6-20 5'70 7-00 5-95 

' ■ ■ I* . 4'85 4-fl5 6'00 S'25 4-85 

• ■ . i • . • . . . . 4'BO 4’SS 4‘7S 4-80 96-5 

• ‘ . •+ 0*4 MRlycine buffer 9'fiO 8*70 8-40 0-00 8'90 

• * ' ■ ■ . » . +0-8>fRl>einebuffer 10-0 9'70 9-30 9'75 9-70 

y. Urine + subatrato + 0-5 Maectate buffer + 10% NftjCOjlOII.O tO-I 10*0 9-7 10-0 P-ftJ 
tirino + aubUrato - 0-2«acotaeebuffer + 10%Na,CO, 10-3 10*30 10*10 10'30 10'25 

(anhyd.) 


The stability of the pliciiolphtbnichi colour at pH values above 0*5 has been 
invc.stigntcd ns this colour tends to fade at high pH. Tho colour produced by a 
series of Rtandarrl enzymo solutions was investigated at pH values between 9*5 
and 11*5 and found to be maximal between pH 10*2 and 10*6. Tlie 
phoiiolphthaloin colour is stable for 2 hours ivitlun the pH range 10-10'G so the 
system (<?) (Table I) is satisfactory' ^'id has been used througliout this n'ork. 

Urine (I ml.) acetate buffer (I ml.) (0*2 m, pH 4*5) and substrate solution 
(1 ml. 0*05 per cent) were incubated in stoppered tubes for IS hours at 37" in a 
water batli, urine (I ml.) was added to the blank and sodium carbonate solution 
(I ml. 10 per cent Na^COj) was addc<l to each. The tubes were centrifuged and 
the duplicates read against the blank on a Unicam S.V, COO spectrophotometer 
at 550 m/i Tlio activity was expressed in units, 1 unit liberating 1 pg- of 
phcnolphthalein jier hour at 37". 

Owing to the modification of the method of estimation, the units are different 
from those used previously (Boyland, Wallace and Williams, 1955), so tliat the 
normal range (Table H) is now taken as 0 05-1*2 units/ml. of urine. Values -m 
the pH range of G*0-7*0 are rcgnwlcd as normal and deviation from this range an 
indication of infection of tho urine. Tlio qiecjfio gravity of tho urine provides 
a check on the complete collection of the specimen so that both pH and specific 
gravity have been quoted for each specimen. 

It has been suggested (Boyland et al., 1955; Boyland and Williams, ^ 
that both the metabohsm of tryptophan and tho /?'gIucuronidaso activity of the 
urine play a part in tho production or raaintenanco of bladder tumours ^ iue 
amount of tryptophan in tho diet might affect tho apparent urinary /?-ghicuroniaase 
activity, because tryptophan metabolites conjugated ivith glucuronic acid mig 
act as competitive inhibitors. A number of specimens have been examined a ter 
dosing the patients ^rith 2 g. of J>tiyptophan. Such specimens arc indicated in 
the tables by the presence of the letter T after tho figure for urine wume. 
specific gravities are given in direct unnometer readings, thus a figure o 
indicates a specific gravity of I’OIO. 
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A CONNECTION between tKe process of cell proliferation and the increase in 
tissue y?-glucuronidase has been suggested by Kerr and Lewy (1947) and Levvy, 
Kerr and Campbell (1048). Fishman (1947) and McDonald and Odell (1047 ; 
Odell and McDonald, 1948) have investigate the changes of serum /?-glucuro- 
nidase activity in human pregnancy and Fishman (1947), Fishman and Anlyan 
(I047o, 19476) and Fishman, Anlyan and Gordon (1947) have shown that 
glucuronidase is present in enhanced amounts in human and animal cancer tissues. 

The /?-glucuronidase activity of body fluids has been investigated by sovcral 
workers in the hope of developing a method of diagnosis or prognosis of cancer. 
The /?-glucutX)nida8c activity of blood scrum, ascitic and pleural fluids (Fishman, 
Mark p*- %•«» * . ■*p50)^ ventricular fluid (Anlyan 

and ■ • ' Fishman, Knsdon and Homburger, 1950) 

has 1 ■ • from various forms of cancer especially 

cancer of the breast and cervix. 

Boylaiid, Wallace and Williams, (1955a, 19556) have shown that cancer of 
the bladder is associated with liigli yJ-glucuronidaso levels in tho urine, serum and 
bladder tissue. Tho present work deals with the urinary /^-glucuronidase values 
of cases of cancer of sites other than the bladder. All the patients were in hospital, 
on balanced diets, and all the specimens were collected before any operative 
procedure was undertaken. 


EXPERIMENTAL 

Tl\o urine was collected in 2-UtYe ves^ls containing thymol dissolved in benzene 
(10 ml. of 20 per cent solution). Individual 24-hour specimens were measured 
and their pH and specific gravity determined. Samples u’ero centrifuged at 
4,50 g. for 16 minutes and the supernatant examined generally Avithin 24 hours of 
collection being completed. 

The estimation of /i-fflucuronidase aclivilif urine 

The method used was essentially that of Talalay, Fishman and Huggins (1946) 
which has been modified for routine analysis (Boyland, Wallace and Williams, 
19.55). The method has been further modified by increasing tho strength of the 
acetate buffer (pH 4-,5) since, especially in the case of grossly infected urine, the 
urine is sometimes alkaline ond therefore greater buffering power is necessary 
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Table IV. — Patients Suffering from Argentaffinorna. 


Sex. 

Age 

Urioe Vot 
(ml.) 

pH 


SG. 

^•glucuronidase 

Unils/ml. 

M. 

— 

. 1800 

6-4 




. 0-7 

M. 

64 

. 1900 . ■ 

7-9 




. 0 S 

M. 

— 

• — 

7'ff 




0 9 

M 

M. 

70 

2020 . ‘ 

£'6 


11 



1590 

, S'8 


12 

• 0-8 



2320T . 

5-8 


09 

. 0 9 

M. 


1700T . 

-6-5 


11 

0-7 

65 

735 

6-4 



. l-O 

JL 

^9 

1025 

7-3 


— 

2 


Table V . — Patients Suffering from Cancer of the Oesophagus 


Caw 



Urine Vol. 




3-glucuronidase 

No. 

Sex 

Age 

(ml.) 

pU 


s.o. 

Umta/ml 

1 

F. 

OS 

1890 

4-8 




0-30 

2 

M. 

45 

. 2050 

5-8 




0 80 

3 

>7. 

01 

3320 

5-8 


08 

M 

5 

M. 

07 

. 2220 

5-8 


09 

1-0 




1040 

£•8 


OS 

1-4 

6 

M. 

39 

890 

S 8 


12 

I'S 

6 

M. 

61 

1630T . 

B-5 


IS 

1-3 

7 

M. 

61 

370 

5-5 


S4 

4-2 




450 

5-5 


26 

4-2 


Table VI. — Patients Suffering from Cancer of the Colon or Pedum 


Case 



Urine V'ol. 



3 glueuronidase 

No 

Sex 

Age 

(ml ) 

pH 

S.O. 

Units /ml. 




(a) Colon 




1 

M. 

CO 

. 1320 

5-6 


0-27 

2 

F. 

63 

. 890 

6-4 

12 

. 0 46 




1)30 

6*4 

08 

. 0-28 

3 

M. 

47 

1800 

6-4 

_ 

. 0'64 

4 

?. 

58 

1550 

6-2 

— 

, 0-65 

5 

JI. 

68 

700 

6-2 

09 

0-77 




(6) Btctum 




1 

M. 

65 

1250 

C'O 

08 

M 

2 

M. 

72 

1600 

6-5 

10 

. M 




1800 

5-6 

10 

, 1-2 

3 

M. 

65 

1640 

60 

15 

. 1'5 




1310 

7-0 

12 

1-4 

4 

M. 

45 

2100 

61 

15 

1'3 




1340 

6-4 

20 

1'7 




2370 

6-6 

06 

. i-o 

6 

M. 

72 

1450 

6 6 

10 

. 1-6 


Patients suffering from cancer of ike larynx 

Of the 20 patients suffering with cancer of the vocal cord (Table VII) only 4 
have /^-glucuronidase activities within the normal range, with a mean 1*7 imi 3- 
Of 11 patients suffering from cancer of the larynx but not cancer of the voca 
cord (Table VIII), 5 Jiad values above tlie range of healthy subjects, the mean 
value being 1-6 units. 
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Table II. — Normal Subjects 


Caso 

No. Sex Age 

1 . M. 30 

2 . F. . — 

3 . M. . 20 

4 . F. . 03 

5 . M. . 08 

6 . M. . 20 

7 . M. . 72 

8 F. . — 

9 . M. . 48 

10 . M. . 68 

11 . M. . 65 

12 M. . 5S 

13 M. . 31 

14 F. . 21 

15 M. . 59 

10 M. . 50 

17 M. . 51 

18 F. . — 

10 . M. . 71 

20 . M. . 31 

21 M. 00 


TJriuo Vol. 

{ml ) pH 
3250 . 6-5 
1890 . 6-1 
3500T . 0-5 
1300 . 7*0 
;300 . 6-8 
2560 0-4 
1910 6-1 
2770 . 7-0 
2370T 6-2 
1450 6 5 
1070 7 0 
1440 . 5-5 
1630 . 6-5 
11.30 7 0 
1830 0 4 
5500 . 6-3 
1830T 0-8 
HOOT 7 0 
2520 . 6-0 
1800T . 6 3 
2120T . 5 8 


B.glucMTonidase 
S.G. Unite/ml. 

— . 0-05 

11 . 0-14 

~ . 0-17 

— . 0 32 

— . 0-35 

12 0-36 

10 . 0-36 

22 . 0 44 

06 . 0-59 

— . 0-60 

06 . 0-60 

14 . 0-74 

— . 0 80 

15 0-81 

08 . 0-87 

12 . 0 89 

20 . 0 90 

15 . 0-03 

10 10 

— . M 

09 . 1-2 


Patients suffering from cancer of the alimentary trad 

Tho •urinary /J-glucuronidaac of patients suffering from cancer of the alimentary 
tract varies ivith the site of the tumour. Tlie ^-glucuronidase values of 5 patients 
out of 8 suffering from cancer of the stomach bo within the normal range and 3 
arc high ^Tahle HI). The mean value is 1*2 units which is the upper figure of tho 
normal range. Of 6 cases of argentaffinoma (Table IV) only one has an abnormally 
high activity and the average activity is 1*2. The >J-glucuronidase actitity of C 
out of 7 patients with cancer of the oesophagus (Table V) have values within the 
normal limits but the average enzyme value is 1*5 units. All 5 of the cases of 
cancer of the colon (Table Via) have low ^-glucuronidase activity mth an average 
activity of 0-52 units and tho urine volumes in these cases arc also low. The 
activities in the urines of five patients with cancer of the rectum (Table Ylb) are 
on or above the normal limit with an average value of 1-4 units. 


c 

7 


Table III. — Paticuts Suffering From Cancer of the Stomach 


Sox 

M. 


Urino Vol. 

Ago (ml.) pll 

48 1.5f)0 . r>-7 

42 23SO 6-1 

24'>1«T 0 4 

— IKK) 7-0 

50 lUSO 5 H 

30 U7II 5-R 

1970 6 7 

moo C 0 

39 'NKJ S C 

07 1211) 5 5 

1120 60 

5t UOO C 2 

I21M) 0 2 

2010 C 8 


S.G. 

10 

03 

04 
20 


19 

14 

10 


P ghicurnnuln.<to 
Uiut«»/iiil 
0 4.7 
0 70 
0 M 
0 00 

0 84 
1-3 

1 G 

1- I 
I 5 
1 7 

1 K 

2 0 

2- 3 
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PalietilA RujJmmj Jrnm cancer of the bronchus 

Of I ! patients RuiTering from cnnciT of iho hroncims (Table IX) 5 coaoH have 
a fl-Q]uc\ironUhm> activity within the itamiai range nufl the mean is 1-8 units. 


Tauia: IX . — Patients Su/frriny from Cancer of the PronehM 


Can'’ 




LVin" V«j|, 




P (tiuciiftiwdatrt 

No. 

Si«x 

Ap> 


|ml.) 

P» 


HO. 

I'nju/fiil. 

1 


. 72 


I7WI 

41-1> 


JO 

. 0 SI) 





n^’K) 

B-5 


14 

, O-liO 

s 

M. 

40 


5270 

fl'l 


10 

. 0 CO 





SHO'iT . 

7-0 


00 

. M 

3 

.M. 

7.a 


Bl-O 




. l-O 

4 

.M. 

. B7 


KCi 

S-5 


15 

. I-O 





RMI 

6-S 


13 

. 1-2 

A 

it. 



720 . 

C-S 


15 

. (i-R 





U’W 

C-0 



. 1-5 

n 

M. 

, — . 


O'O 

01 


10 

1-6 

7 

.M. 

fia 


1230 

C-4 


51 

. J'7 





|W*0 

n-4 


54 

1-S 

h 

M. 

. C.2 


720 

os 


15 

. 0-S 






0-0 




. I'S 

11 

M. 

. no 



0-4 


IS 

. 2*4 

in 

M. 

f.3 



7-0 


II 

. 5-4 

II 

M. 

. M 


1*70 

O'K 


14 

. 4-B 





1370 

C-8 


11 

. 4-9 


Patitnls sujferimj from vtaUgmnt Morrl tUsea^es 

Tile nrinnry //•glncuronhla.Mj activity of H out of 10 patients RufTerinp from 
Icnkacinia (Talrlc Xn) v-rh nf>ovo tin* tiontin) mngr vitli nn nvemgo activity of 
1*8 units, (’rm's t> niul 10 liiul pyre.xw nt iho lime of collection. Of «' (wtients 
stilTering from Hodgkin’s <lw.as<» (Table Xf») 4 had activity above the norni.al 
range and the nventge value Is 2*r* Mints. 


TAfitiE X . — Suffcriny from Maiujnnnt Plooi Diseases 


No. 

Sox 

Aps 

(ml.) 


,.H 


S.O 




(a) Lrulnrmin 




1 

it. 

It 

I-VMI 


C-0 


— 


M. 

21 

55«*0 


5-7 


— 

3 

SI. 

50 

. 2500 


6-7 


09 




2100 


0-7 


M 




2.V00 


5-8 


67 

4 

F. 

71 

. IK.70 


7-0 


10 




IS60T 


7-0 


09 

•j 

F. 

7rt 

J7«0 


C-2 


— 

0 

I'. 

44 

1500 


0-0 


— 

7 

•M. 

70 

1410 


6-7 


12 

8 

F 

10 

1630 


7-0 


20 




I4I0T 


7-4 


21 

9 

F. 

20 

I6«0 


5-8 


09 

JO 

.ai 

35 

. 5020 


7-0 


10 




(b) JM^hnt £)i»faM 



I 

SI. 

34 

. 1890 


6-4 


07 




1890 


0-0 


OS 

2 

M. 

48 

720 


B 


20 




JC30 


0 


15 

3 

SJ. 

45 

. 5800 


5 8 


07 




1800 


6-1 


12 




1200 


6-0 


10 

4 

F. 

60 

420T 


5-8 


28 

6 

SI. 

. C3 

1440 


5-5 


20 


^ plun/rwti'h^ 
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Table .VII. — Patients Suffering from Cancer of the Larynx 






(a) Cancer of the 

Case 

No. 

Sex 


Ago 


Urine Vol 
(ml.) 

1 

M. 


60 


2750 


M. 


62 


1210T . 

1100 

3 

51. 


84 


2120 

S29& 

4 

51. 


68 


2630 

2380T . 

6 

51. 


63 


1330 

2600T . 

6 

51. 


61 


2300 

1490T - 

7 

M. 


60 


1010 

8 

F. 




650 

0 

51. 


68 


1770 

2060 

10 

51. 


67 


710 

1330T . 

n 

51. 


36 


1700 

lOlOT . 

12 

51. 


67 


1130 

13 

51. 


60 


710 

540T . 

14 

51. 


64 


1080T . 

16 

M. 


61 


2100 

2320T . 

660 

16 

51. 


38 


OlOT . 
710 

17 

P. 


61 


2600 

1600 

18 

51, 


65 


740 

850T . 

10 

M. 


83 


1270 

1260 

20 

51. 


73 


890 

900T . 


Vocal Cord 


pH 


S.G. 

p.glucuronidase 

units/ml. 

6-6 


10 

. 0-60 

6-6 


10 

(L60 

B-5 


08 

. 0-70 

SB 


n 

. 1-2 

B-5 


J2 

JO 

6 7 


0-4 

. 0-8 

6-8 


0-5 

. 1-6 

60 


14 

1-5 

7-2 


07 

I'O 

6-7 


10 

. 1-5 

6-6 


10 

1-0 



— 

. 1-4 

6 4 




1-6 

5-8 


21 

1-6 

6 9 


08 

1-6 

7-0 


18 

1-6 

6-4 


10 

. 1-6 

5 5 


10 

1-7 

6-6 


12 

. 1-3 

5*6 


14 

. 1-7 

6 0 


20 

. 1*6 

6-6 


16 

. 2-3 

6-8 


J7 

. 1-8 

61 


11 

. 1-7 

6-5 


10 

. 1-6 

6-8 


]6 

. 2'6 

5*8 


16 

2-4 

70 


18 

. 1 C 

6 8 


_ 

. 2 0 

6-4 


11 

. M 

5-6 


23 

. 2-6 

6-6 


28 

. 3-1 

7-5 


10 

. 3-4 

7 3 


13 

. 3 7 

61 


18 

. 4-1 

6 6 


14 

3-2 


Table VIII. — Patients Suffering from Cancer of the Larynx 


CasQ 

No. 

1 

2 

3 


6 

6 

7 

% 

Q 

10 

11 


(b) Canctr of Sxtro other than Vocal Cotd 


Sex 


Ur\ae Vol. 
Age (ml.) 


pH S.G. 



51. 


69 


2350T . 

6-6 


10 



M, 


61 


2340T . 

6 1 


06 



51. 


67 


2660 

7 0 


06 



51. 




2520T . 

7-0 


14 




66 


2550T 

6 7 


10 



F. 


84 


040 

6 0 


10 



M. 




1630T . 

5 8 


05 




39 


890 

6 8 


12 



51. 


61 


1530T . 

6 5 


12 



51. 


64 


2500T 

6 4 


09 



51. 


62 


I720r 

6-8 


07 



51. 


64 


1370T . 

6 9 


18 



51. 


67 


860T . 

7-0 


15 



^-glucuronidaae 

Unita/ml 

0-6 

0 7 

1 0 

0- 7 

1- Q 
1-0 
1-2 
1-2 
1-3 
1-6 
1-7 
2 5 
2*7 
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Patients suffering from cancer of the prostate 

(n) Untreated palknts.-^i 14 patients with cancer of the prostate oxammed 
before treatment (Table XHI) onc-hnlf have values above normal range. The 
average /J-glucuronidaso activity is 1'5 units/ml. 


Table XIII. — Patients Suffering from Cancer of the Prostate 


(a) Ontnated PatUnlt 


Ca-so 


Urine Vol. 



|3-gIiicuronid 

No. 

Ago 

(ml.) 

pH 

S.O. 

Unita/ml 

1 

75 

. 1700 

6-0 

. — 

0-65 

2 

07 

1700 

5-5 

12 

0-79 

3 

51 

1850 

6-1 

. ■ 08 

0-95 

4 

62 

1250 

5-0 

, 

1-0 

5 

58 

1020 

6-5 

12 

. 1-0 

0 

70 

. 1060 

6-2 

17 

1-3 



2000 

6-2 

. 08 

. I-O 



1500 

5-2 

12 

1-2 

7 

60 

1100 

_ 

. — 

M 

8 

68 . 

1720 

5-8 

10 

0-5 



1400 

B-0 

08 

1-0 



1100 

6-8 

10 

1-3 



n?oT 

6*7 

15 

. 2-7 

0 

70 

1010 

5*7 

. 13 

1-2 



1005 

5-8 

14 

. 1-3 

10 

57 

, 2600 



1*4 

11 

63 

620 

0.5 

! 20 

. 2-2 



620T . 

0*5 

. 22 

1-3 

12 

40 

1200 

7-0 

10 

. 2-3 



I440T 

7-1 

. 11 

. I’O 

13 

70 

. 1230 

0.0 - 

. 12 

. 2 0 



1640 

0-5 

. 09 

. 2-6 



1040 

15*8 

. 10 

. 

14 

66 

. 1140 

7-0 

. 06 

. 2-9 


(b) Patients treated tidth stilboestrol for more than tux> yrara.— The mean 
gluciironrdaso acti^’ity of the urine of a group of 7 patients receiving treatment 
wth stilboestrol for more than two years (Table XIV) is 2'3 units and all were 
above the normal range. 


Table XIV . — Patients Suffering from Cancer of the Prostate 


Citsd 

No. 


(b) Patients Treated with SfiU>oeslrot Jor more tham Tvo Years 


Ago 


Urine Vol, 
(ml.) 


pll S.O. 


1 

70 


2070 


0-5 


13 





2170 


7-0 


13 


2 

60 


1100 


61 


21 





1930 


5-7 


11 


3 

73 


1590 


60 


20 







6-0 


13 


4 

66 


070 


0-8 


16 





1020 


0-8 


13 


0 

72 


2680 


2-3 


12 





1670 


6-4 


20 


6 

. 68 


1360 


7-0 


16 





1020 


7-0 


10 


7 

. 69 


1650 


7-0 


17 





1400 


7-0 


15 



p-gIucuronida» 

Uoits/ml. 

1-6 

1-5 

1- S 
J-8 

2- 0 

1- 5 

2 - 2 
2-0 

2-6 

2- 9 

3- 2 

2- 9 

3- 3 
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Patients sn-Sfering }rom cancer oj the breast 

Of 16 patients suffering from cancer of the breast (Table XI), 8 are abov'e the 
normal range of activity. Case 5 is a male with cancer of the breast. The average 
^-glucuronidase activity was 1*5 units. 


Table XI . — Patients Suffering from Cancer of the Breast 


CaSQ 



Urine Vcd. 




P-glucuroniadaSe 

No. 


Ago 

{rail 

pH 


S.G. 

Umts/tal. 

1 


55 

1250 

6-7 


00 

0-3 

2 


52 

2500 

a*8 


— 

0-8 

3 


47 

1820 

6-5 


— 

I-O 

4 


48 

. 2400. 

« -9 


10 

1*2 

5 


42 

1910T 

5-6 


12 

1-2 

6 


55 

1200 

5-5 


— 

I’S 

7 


65 

1750 

0’2 


— 

\ 2 

a 


62 

1570 

4>8 


— 

1-5 

d 


53 

1820 

7 0 


08 

. 1-6 

10 


ei 

2000 

6-5 


— 

1-9 




1860 

03 


13 

1-3 

11 


48 

1140 

6-0 


18 

2-2 




1800T 

S 8 


H 

1-3 

12 


38 

1375 

6-5 



I>S 

13 


78 

2020 




2-2 

U 


54 

OCO 

4-5 



2-6 

15 


63 

1200 

5-6 


U 

2-6 




1030T 

S'6 


u 

2-5 


Patients suffering from cancer of the lestide 

Of IS patients suffering from cancer of tho testicle (Table XII) 10 have 
glucuronidase values above the normal range. The average /^-glucuronidase 
value is 1*5 umta. 


Case 

Ko. 

1 

2 

3 

4 

5 

6 

1 


0 


10 

11 

12 


13 


U 

IS 


Table XII . — Patients Suffering from Cancer of the Testicle 



Urine Vol. 





^•gluGurooidoee 

Age 

(ml.) 


pH 


S.O. 

Units/iui. 

20 

1800 




- 

. 0-80 

39 

1400 


5-4 


~ 

. 0‘85 

45 

. 610 


5-8 


24 

. 1‘0 

35 

1750 


6 5 



. I'O 

SS 

1830 


8-6 


11 

. 1-2 

37 

2190 


7-6 


14 

, 0-8 


2000T 


7-0 


12 

. I'O 

45 

2100 


61 


25 

1-S 


1310 


0-4 


20 

1-T 


2370 


S-6 


06 

1-0 

18 

1600 


6-6 



1-5 


900 


6 0 



1-3 

31 

2100 


7*0 



. 1-4 


2100 






1-4 


2200 


0-G 



1-6 

31 

. 2J0O 


7-0 


_ 

1-4 

18 

1500 


6 4 



. 1-5 

30 

ISOO 


S 6 



. C'C 


2550 


5 8 


. 

. 1-2 

68 

. 1270 


5-5 


10 

. 2'C 


mo 


5-S 


10 



1730 


5-5 


12 

. 2-0 

39 

. 1250 


5-l> 


18 

1>8 


450T 


6-S 


12 

. 4-0 

20 

. 1080 




16 

. 4-2 


940 


— 


18 

1-7 
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ENZYME ACTIVITY IN RELATION TO CANCER 


SUMfttABY 

(1) TIio method previously used for the estimation of urinary /^-glucuronidase 
activity has been modified so that it m.ay bo applied to alkaline or concentrated 
urine. 

(2) Urinary /?-glucuronidnse. activities liave been investigated in patients 
suffering from cancer of the alimentary tract, larynx, breast, th3Toid, bronchus, 
testicle, and prostate and also in patients suficring from leukaemia and Hodgkin’s 
disoaso. 

Wo should like to thank Hrofessot P. C, Ormcrod of the Institute of Laryngo- 
logy' ; Dr. L. i\I. Pranks of the Imi>ori.al Cancer Research Pund Laboratories, 
Roj’al College of Surgeons ; and Hr. M. Sandler of the Royal Free Hospital for 
the collection of specimens and Mr. J. W. Gorrod for technical assistance. 

This investigation has !)eon supported by grants to the Chester Reatty Research 
Institute (Institute for Cancer Research ; Royal Cancer Hospital) from the 
British Empire Cancer Ca'mpaign, the Jane Cofiin Child.s Memorial Fund for 
Medical Research, the Anna Puller Fund and the National Cancer Institute of the 
National Institutes of Health, U.S. Public Health Service. 
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Patients suffering from cancer of the thyroid 

The results obtained from 7 patients with cancer of the thyroid (Table XV) 
show only two of these patients had ^ff-glucuronidase activities greater than the 
upper limit of normal and in both of these cases the patients had raised 
temperatures at the time of collection of the specimen. The average /9- 
glucuronidase activity of this group was 1*1 units. 


Table XV. — Patients Suffering from Cancer of the Thyroid 


Cas® 



Urine Vol. 



^-glucuronidase 

No. 

Sex 

Age 

(ml.) 

pH 

S.G. 

Units/ml. 

1 

F, 

57 

1850 

6-6 

. — 

0-35 




1800 

— 

. — 

0 36 




IdOO 

6-8 

. — 

0-31 

2 

F. 

70 

2500 

6 0 

. — 

0-45 




1750 

6 1 

. — 

0 58 




2300 

6 0 

. — 

0-38 

3 

M. 

48 

2120 

70 

09 

0-35 




1900 

6 7 

11 

0-60 

4 

F. 

68 

1800 

6-3 

. — 

0 50 




2050 

— 

. — 

. 0 52 




2010 

5-6 

15 

0-60 

5 

F. 


1500 

61 

18 

0 80 




1675 

6 1 

22 

0-50 

6 

. F. 


1130 

6-7 

10 

1-8 




980 

6-7 

00 

1 6 

7 

F. 

68 

670 

7-0 

15 

3-4 




500 

6-4 

19 

4-1 


DISCtrSSlON 

The ^-glucuronidase excretion has been expressed as activity per unit volume of 
urine but in all cases the volume of the 24-hour specimens of urine have also been 
recorded so that total excretions of /?-gIucuronldase per 24 hours may be obtained. 
The method of estimation has been maided so that even alkaline urine specimens, 
previously discarded may now estimated, but in very alkaline conditions the 
enzyme is not stable. 

The urinary /?-glucuronida8e activities of patients varied considerably rrith 
the site of the tumour but in no group of cases were all the results outside the 
normal range. This suggests that /^-glucuronidase activity could not bo used as a 
diagnostic method, although in some types of cancer such estimations might prove 
useful for prognostic purposes. 

The average urinary ^-glucuronidase activity in cancer of various sites within 
Uio alimentary tract is, in general, near Ihe upper limit of normal but the activity 
in cases of cancer of the colon is low. Cancer of tho thyroid also produced a 
decrease in urinary /J-glucuronidaso activity but cases of cancer of laiynx, 


patient s temjierature, which is knomi to increaso ^-ghiciironidaso excretion 
(Boyland and WilUams, unpublished), so that the increased activity may bo duo 
partly to this cause. The connection between malignant blood disease and blootl 
glucuronidase activitj’ and tho treatment of these patients with enzyme inhibitors 
is being investigated. 
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and Williams, 1955) but urinary sulphatase hydrolyses the sulphuric esters 
of some carcinogenic aniinophenols only slowly (BoyJand, Manson, Sims and 
Williams, 1956) and therefore /?*ghiciironidase must play a part in the hydrolysis 
of such conjugates. If the urinary /^-glucuronidase activity in patients, in vliich 
new tumours would be expected to develop, could be inhibited, then these tumours 
should be prevented. 

The present Avork deals with the urinary' ^-glucuronidase activity of patients 
suifering from cancer of the bladder and the effect of treatment with /!?-gIucuroni- 
dase inhibitors on the enzyme activity. The inhibitors used are all derived from 
glucosaccharic acid, which have been previously shown to inhibit /d-glucuronidase 
t« vitro (Kaninairatnam and Levvy, 1949; Slills and Paul, 1949; and Lewy, 
1952). Saccharo'l : 4-lactono (glucosaecharo-1 : 4-lactone) is the most effective 
inhibitor and the inhibitory action of saccharates used in these investigations is 
probably due to the 1 : 4-saccharolAc(one which the}' contain or is produced 
from sacchnratc in the bodj’. Saccharic acid is readily and reversibly converted 
to a mixture of saccharo-1 : 4-lactone and saccharo-S : C-lactone. 

Saccharo-1 : 4-lactone ‘(II) is formed from saccharic acid (III) by loss of the 
elements of water. This dehydration reaction whicli is reversible gives the lactone 
(II) which has a structural resemblance to glucosidm-onio acids \cf, I). GIuco- 
saccliaro-1 : 4-Inctone is probably an active inhibitor of /?-glucuronidase because 
of this similarity in stniotwre which allows it to occupy the enzjnne centre which 
is concerned Avith ^-glucuronidase actiAi'ty. Glucosaccharo-3 : 6-lactone (IV) 
Avhioh is also formed from saccharic acid and only differs from the 1 : 4-lactone, 
in the position of hydroxyl groups is a poor inhibitor. (For formulae I to IV 
see page 585). 


EXPBRI.AIENTAL 

The /^-glucuronidase activity is almost always increased in the urine of patients 
Avith cancer of the bladder and remains high in most cases even after the tumour 
has been removed (Boyland, Wallace and Williams, 1055). The method of estima- 
tion has since been modified (Boyland ct ah,. 1957) in the following ways— (a) 
A 20 per cent solution of tlijunol in benzene is used as a preservative as it is more 
effectiA'o than the benzene used in the original Avork. (b) The buffer concentration 
has been increased so that the activity of alkaline urine specimens (preA'IoAiBly 
discarded) may also be estimated. The enzyme is unstable in strongly alkahne 
solution The upper limit of the normal range using this method is 1*2 units/ml. 
All /f-glucurom'dase values are expressed as units of activity per mh of 
The unit of activity is defined as being that which liberates I //g. of 
thalein per hour at 37° C. In all cases the total 24 hr. output of urine Avas collectro 
and the test performed on a 1 ml. aliquot of this ; the total 24 hr. 
also quoted so that the total 24 hr. excretion may be calculated. A pn ic 
included have a history’ of more than 2 years of cancer. 


TAe trcaloiertt of 2 Xiti€nts with enzyme inhibitors 

Patients have been treated with a niimber of inhibitors (supplied by 
Kemball, Bishop and Co. Ltd., London. E.3> to decrease the 
activity in urine. The estimation of urinary' ^-glucuronidaso ^ .,,.i 

dilution so that the apparent inhibition obtainetl is ahA’ays less than i 
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jffect in the urine. Patients were treated with solutions of the inhibitors flavoured 
with “ fruit concentrates 

(a) Calcium glucmiate. — The average inhibition of urinarj' /?-glucuronidase 
activity on treatment with 10 g. calcium gluconate is only 15 per cent {Table I). 


Table I. — Patients Suffering from Cancer of the Bladder Treated with 
Calcium Gluconate 


CabO No. Sex 
1 . M. 


Age 

60 


Before treatment 


Durmg treatment 


Vol ^24 hr. Units/ml. 
2750 I 8 

2750 1 6 


Vol /24 hr. Units/ml. 
2700 1-2 

2500 0-8 


2 


03 1400 5 8 

2350 5-5 

4000 5-8 


2750 3-8 

2760 5-8 


3 


77 1800 1 7 

2000 1 9 

1950 2 0 


2400 1-7 
2850 1-8 
2850 1-6 


4 


2760 1-5 
3500 I 8 
2760 i 2 


3100 1 4 
2700 1-3 
3700 1-4 


6 


05 2900 1*9 

3100 2 1 


3100 1-6 

2500 1-3 


{b) Sodium ammonium saccharate. — patient with multiple tumours of the 
bladder was treated mth sodium ammonium saccharate solution (10 g. per day 
for 1 week) (Fig. 2). The treatment was then stopped and the /J-glucuronidase 
activity rose to the original value within 3 days. The variation in enzyme activity 
and tlie volume of the 24 hr. urine specimen is also recorded. Tlio results obtained 
from 4 patients treated in a similar manner (Table II) indicate that the treatment 
reduced the /?-glucuronidase activity by 31 per cent. 


Table II. — Patients Suffering from Cancer of the Bladder Treated xvith 
Sodium Ammonium Saccharate 


Co»o No. Sox 

1 51. 


Ago 

52 


Boforo tre«»tmenl 


V 0 I ./24 hr. Unils/ml. 
3700 3 2 

4000 2-7 

3100 2 C 


Duruig Iroatmcnt 
Vol /24 hr. UnJt*/ml. 


3100 1*2 
3500 1*7 
3000 1 2 


1700 3 O 
2000 2 3 
1800 2*3 


2500 1*0 
4300 I >3 
270f> 1*7 


SOtH) D 8 
0700 1-2 
02.W 1*2 
7300 I'U 


.7300 I • 1 

3000 O 7 

3500 0 0 

4I(M) 10 
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Fio. 


Fia. 3 



2.— The effect of - 
urinary ^.glucu; 

O 

0 ... 

2 Or 



— Tlic eflect of oral nclmiin 
tiniiary ^-glucuronidase acfi 

O O fi-Ohr 

♦ ■ — — # iJnnv\ 
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• (c) Ammonium hydrogen aaccharate. — T^atraent of a patient vrith 10 g. per 
day of ammonium hydrogen saccharate (Fig. 3) produced a fall in ^-glucuronidase 
activity of the urine. Treating 6 patients with 3-3 g. of ammonium hydrogen 
saccharate 3 times daily produced an average apparent inhibition of the y&-glucu- 
ronidase activity of 47 per cent (Table III). 


Table III. — Fatients Suffering from Cancer of the Bladder Treated with Ammonium 





Hydrogen Sacdiaraie 
Before treatment 

During treatment 

Case No. 

Sex 

Age 

V 0 I ./24 hr. 

Units/ml. 

Vol /24 hr. 

Unita/ml. 

1 

F. 

61 

2700 

1-4 

2750 

0-65 




2850 

1 8 

2810 

0-80 




2750 

1 8 

2520 

0-70 




3250 

1-6 

2750 

0-65 




2520 

1-7 

2450 

0-80 

2 

M. 

54 

3100 

0-50 

2800 

0-30 




2850 

0-65 

2700 

0-35 

3 


47 

3600 

1-8 

2000 

1-2 




2500 

1 4 

2250 

1*0 

4 


Cl 

1800 

1 6 

2100 

0-60 




1650 

1 7 

2200 

0-65 




2750 

1-6 

2600 

0-80 

« 


56 

700 

0-65 

1600 

1-0 




700 

0-02 

— 

— 

6 

F. 

66 

800 

2 6 

2100 

1-25 




2000 

3 6 

2600 

11 




2000 

10 

— 

— 


(d) Qlucosaccharoladone. — (1) A group of patients were treated with a boiled 
solution of saccharic acid which contains an equihbrium mixture of saccharic 
acid and 3 : 6 and I ■ 4 saccharolactones, aj\d received 1*3 g. of saccharo-l ; 4- 
lactone 3 times daily. The effect of this treatment on the urinary /?-glucuronidase 
activity (Fig. 4 and Table 11'^) indicates that the mean inhibition of /?-gliicuronidase 
activity is 92 per cent. 


Table IV.- 

—Patients 

Suffering from Cancet 

of the Bli 

idder Treate 

d with Boiled 



Saccharic Acid Solution 





Before treatment 

During treatment 

Caeo No. 

Sex 

Ago V 0 I ./24 hr. 

Unils/mt. 

Vol /24 hr. 

Unita/ml. 

1 

M. 

54 . 2000 

0 90 

2400 

0 01 



1900 

1-3 

3100 

003 



2600 

1 4 

3300 

0 02 



1600 

1-0 

2900 

0 00 

2 

F. 

38 . 2.501) 

I 4 

2500 

0 35 



2650 

0-02 

2610 

0 21 



2520 

1-0 

2120 

014 



2760 

1-0 

1800 

0-07 

3 


55 2550 

1-6 

1100 

0 44 



1750 

1-0 

2500 

0-06 

4 

M 

48 »5vO 

3-0 

1010 

0 10 



910 

2-7 

HOC 

0-05 



3 1 . 3000 

1-22 

4050 

O-OS 



4400 

0-90 

3700 

0-10 


(63S) 
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factone (1 g. si J ta%)7(3rno™CatMnt T 4 )™ 

saccharo-1 ; 4- and 3 ; 6-Jaetone«iy2 • ^ /or ’ ^ ^nth a mixture of 

Case 4 the urine was contaminated liith btoj'on treatment. In 

for tho high result ohtaine" ' “““"ts 



HCOH [ 
HOCH 0 
HCOH I 

COH 

0 

Phenyl 

Glucoaiduronic acid 


0 

c 

HCOH 

HOCK I 
HC — • 
HCOH 
COH 
0 

Glucosaccharo* 
1 : 4 -lactone 

m 


0 

COH 

HCOH 

HOCH 

HCOH 

HCOH 

COH 

0 



Qlncosscchario 

acid 


(III) 


Glucosaccharo* 
3 : 6-laetona 
(IV) 


Table Vl.^Patients Suffering from Cancer of the Bladder Treated uHth Pm 
Oluco^aceharo-1 : i-lacUme 4 limes daily) 


Before treatment During treatment 


Case No. 

Sex 

Age 

V 0 I ./24 hr. 

Units/ml 

VoI.y24 hr. 

Voit«/m) 

1 

M. 

33 

1373 

7-4 

1627 

0-84 




2013 

5-2 

1655 

0-65 




1746 

7*7 

2120 

0>51 

2 


G2 

2050 

7-3 

2105 

0'88 




I7C0 

6-3 

2110 

0-22 

3 

F. 

70 

2040 

10- 1 

1980 

0-60 




1660 

7-7 

1565 

0-90 




2125 

7-1 

— 

— 

4 

M. 

GG 

2315 

5-9 

2110 

0-88 




2740 

6-6 

— 

— 

6 

F. 

— 

1470 

12-6 

2190 

0-64 




1920 

11*2 

1695 

0-44 

G 

M. 

61 

1980 

3*0 

2120 

0-46 




2850 

2-8 

1870 

0-32 

7 


82 

1720 

65 

1560 

0-22 




1600 

41 

1590 

0-37 


(4) The results obtained by treating, patients with pure saccharo*! : 4-lactone 
(0-6 g. 3 or 4 times daily) (Table VII) show a mean inhibition of 73 per cent and 
the effect on individual urine specimens of treating patients tvith O^i and 1 g. of 
saccharo-1 : 4-lactone 8 hourly is shotiTi in Fig, 6. 
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3 : 6 mixture on the urinary /^-glucuronidase of patients suffering from cancer of 
the bladder is shmvn in Pig. S. Specimens of urine avere collected from each of 5 
patients at approximately 3 hourly intervals and the ^-glucuronidase activity of 
the individual specimens estimated. In 5 successive periods each of 48 hr. the 


Pure Mtited 





1^0. effect of ora^ ednuoutration of g)uc<MaochAro*l ;4>lftCton« and mixture of 

I s 4 and 3 s Q^lactonca on urinary ^•glucuronkiaso activity in 6 paticnta with bladder cancer. 
O — ” ' ' 'O ^-Clucuromdaao activity (amfa/inl.I. 

• • ^-Clucuronklaao activity (unita/mL) «i urine oontaining blood. 


TT 
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Table ^11.— Patients Suffering from Cancer of the Bladder Treated with Pure 
GlucosaccharO‘l ; 4-laclone 

Before treatment Daring treaement 


Age V0I./24 hr, Unito/ml, Vol /24 hr.*" Units/ml 


(o) Dos© 4x0-6 g./day) — 


' 



Units/ml 

1 . M. . 

62 

2720 

M 

2780 




2535 

0-83 

2740 

0-12 


63 

1416 

J-6 

1205 




, 1600 

4-4 



5 . F. 

43 

1100 

0-63 

1550 




1700 

0-38 

1835 

0-13 

(6) (Dose 3 X 0-6 p./davl— 






1 . M. . 

43 

1330 

6-6 

1516 

3-8 



1205 

6-9 

1405 

3-1 

2 . .. . 

66 

2350 

1-4 

2140 




1560 

1-6 

2310 

0-25 

3 . „ . 

68 

2800 

0-93 

1830 




1690 

10 

2060 

0-22 

4 • .. . 

71 

2360 

1-7 

2290 

0-Sl 



1610 

1-9 

2750 

0-47 


The resxilts indicate that the urinary >?*glueuronidase activity can he maintained 
at a low level by the administration of either the pure 1 : 4-Iactone or the mixture 
of lactones. Patients are being treated with I g. saccharo-J : 4dactone td.s, 
for clinical trials. 


DISCUSSION 

The urinary ^-glucuronidase activities of patients who have been suifering 
from cancer of the bladder for some years are almost all raised above the corre- 
sponding value for normal subjects. The increased activity does not depend upon 
infection although, in a few cases infected by B. coU, this may play some part. 
The enzyme is stable up to pH 9-0 and the method of estimation allou's urine of 
pH less than this value to be used. The results are in agreement ■with those obtained 
previously (Boyland et al., 1955) using an earlier technique. 

The urinary /?-glucuronidase activity of patients with cancer of the kidney 
(hypernephroma) is low compared with that of bladder cancer patients, the average 
value being •within the normal range. Fishman and his co-workers have shown 
that cancer cells have a high /^-glucuronidase activity but the high urinary activity 
in cancer of the bladder cannot be due to the urine being in contact with malignant 
tissue as urine from patients with cancer of the kidnoy should also be rich in 
yff-glucuronidase. This evidence further supports the suggestion (Boyland el a»-» 
1955) that the increased urinary enzyme concentration is probably derived from 
the blood, the amount of the enzyme depending both on the blood concentration 
and the degree to which the enzyme passes through the kidney. The relationship 
betw'een the /^-glucuronidase activities of serum and urine of patients with cancer 
of varying sites is being investigated further. 

Patients suffering from cancer of the bladder have been treated wth gluco- 
saccharo'l : 4-lactone (4g. per day) which reduces the activity by 90 per cent. 
This inhibition of /^-glucuronidase would be produced with a 5 x I0“® iU saccnaro- 
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1 : 4-lactone solution (Lewy, 1952) which is equivalent to about 10 mg. per litre. 
This indicates that only 0-5 per cent of the dose administered is excreted in the 
urine. The greater part (99*5 per cent) of the lactone is inactivated either by 
metaboUc processes or reaction udth water or other body constituents. This 
treatment reduced the urinary )?'glucuronidase level to values below the average 
normal level and by this means it is hoped to decrease the amount of free carcino- 
gens in the urine and thus reduce the incidence of new tumours in patients, who have 
had tumours removed. Twenty bladder cancer patients are at present under 
treatment wath glucosaccharo-1 ; 4-lactone, but this treatment has not been 
used long enough to allow any conclusions to be drawn as to the clinical benefit. 

The authors realise that to treat patients who have had cancer of the bladder 
wdth compounds which will reduce the concentration of carcinogenic agents in 
the urine, is probably to act too late. Because of the long lag between the applica- 
tion of the carcinogenic stimulus and the occurrence of the cancer, the first stimulus 
had probably taken effect before treatment began. This is, however, not certain 
and the reduction of carcinogens in tl\e urine may reduce the chance of tumours 
developing. The tumours may, however, be dependent on the continued presence 
of the carcinogen in the way that the growth of kidney tumours, induced in ham- 
sters with stilboestrol is dependent on the continued presence of stilboestrol 
(Homing, 1956). If the tumo\irs of the bladder were dependent on the urinary 
carcinogen then treatment with saccharo-l : 4-lactone could prevent growth of 
established tumours. 

Bladder cancer caused by aromatic amines among men in the chemical industry 
is probably due to metabolites of the aromatio amines being hydrolysed by 
/^.glucuronidase in the urine to give aminophenole. Stringent precautions are now 
taken in the chemical industry to prevent exposure to the carcinogenic amines. 
In such factories, however, if accidents happen the carcinogenic effect of exposure of 
personnel should be reduced by administration of saccharo-l : 4-)aotone immedi- 
ately following the exposure and for four or five days. In such cases the treatment 
should prevent the liberation of the carcinogen in the urine. 


SU301ABY 

The in vivo effect of various derivatives of saccharic acid which are ^-glucuro- 
nidase inhibitors has been investigated ; oral administration of I g. saccharo-l : 4- 
lactone everj* 0 hours decreases the enzyme activity in the urine by 90 per cent. 

Treatment with saccharolactonc should therefore reduce the liberation of free 
carcinogenic aminophenols in urine. Such treatment is recommended for men 
accidentally expos^ to carcinogenic aromatic amines and is being tried in 
prophylactic treatment of patients who have had bladder cancers removed or 
destroyed. 

Wo are lndebtc<l to Mr. L. M. Miall of Messrs. Kemball Bishop and Co, Ltd., 
for his help in supplying many of the siibslanccs used in this work. 

NS'e should like to thank ilr. W. J. Gorrotl and Mr. P. L. Grover for technical 
inwistance. This investigation ha.s been supportcil by grants to the Chester Beatty 
Reseatvh Inslvtuto (Institute of Cancer Itescarch : Royal Cancer Hospital) from 
the British F.mpvte Cancer Campaign, Jane ColTmClwWs Memorial Fund for Me<lical 
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INDUCED CANCER OP BLADDER IN MICE 


rf chcmiraHy inert plaatio materiab oWn-ed by Oppenheimer, Oppenhcimer 
Panishefsky, Stout and Eirich (1955). ’ 

The drawback to this method is similar to that encountered in investigationof 
cocarcinogenesis with croton oil. Although treatment svitii croton oil without 
an initiator gives some tumours in mice, the activity of an initiator can be estimated 
by the increase in the tumour incidence after treatment m’th an initiator. 

As already mentioned, the implantation of pellets of paraffin wax weighing* 
betn ecn 30 and J 70 mg. induces papillomas (Bonser et al., 1953), but the implanta- 
tion of 10 mg. pelJctfi did not do so (Riidali et al, 1955). It is probable therefore 
that the implantation of pellets smaller than 10 mg. (e.g. 5 mg.) wonJd induce 
fearer tumours in the control mice. 

This technique has been used in the present communication in order to test the 
following groups of compo\mds : 

(1) Miscellaneous compounds. 

(2) 1 : 2«5 : O-Dibenzanthracene, 1 : 2-5 : 6'dibenzanthracene'3 : -J-quineneand 
ft metabolite 2'phenyiphenaiithrene-3-2’-diearboxylic acid which Bhargara, 
Hadler aiid Heidelberger (1955) consider to be the active carcinogenic metabolite 
of the hydrocarbon. 

(3) JletaboUtcs and other derivatives of 2'naphthylamine. 

(4) ortho Arainophenpls derived from other carcinogenic aromatic amines 
and related compounds. 

(5) Metabolites of trj'ptophan some of which are ortho aminophenoJs and so 
related to the metabolites of some carcinogenic aromatic amines. 

In studying the metabolism of 2-naphthylamine in rats and rabbits 16 meta- 
boUtea (Table I) of the amine have been detected, but free 2-Bmjno-I'naphthol 
has not been found in freshly excreted urine (Boyland and Manson. 1955, 1957 ; 
Boyland, ^fanson and Orr, 1957). Five of these metabolites have been tested in 
the present work. 

One of the metabolites is 2-aroinod-naphthol sulphuric ester which Bonser, 
Bradshaw. Claj’son and Jull (1956) have found to be non-carcinogenic by the 
technique of bladder implantation. Homan and animal urines contain aiykul« 
phatases which might have been e.\pecled to liberate the carcinogenic 2-aiQino- 
1-naphthol from the sulphuric ester. An examination of the action of sulphatases 
on sulphuric esters of aminophenols (Boyland, Manson, Sims and 
1956) however, showed that 2-aininod'naphthol sulphuric ester and otner 
sulphuric estcre of o-aminophenols derived from carcinogenic amines were not 
hydrolysed by sulphatase. This resistance of the sulphuric ester to enzymic 
hydrol^is explains the lack of carcinogenicity of this metabolite. 


EXPEBlMBNTAI. 

(1 ) Pellets weighing between 8 and 12 mg. were made up from a molten odxture 

of 4 parts paraffin wax (m.p, 56®, filtered, from (3. T. Gurr, Ltd.) and pa 
suspected carcinogen as described by JuU (1051). . , 

(2) Pellets weighing between 9 and Jl mg. were prepar^ from a mixme o 

4 parts cholesterol (Roche Products) and I part suspected carcinogen grouno 
together and compressed in a tablet-making machine. . 

The same samples of paraffin wax and cholesterol were used through 
experiments. 
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CANCER OF THE URINARY BL^VDDER INDUCED IN MICE IVITH 
METABOLITES OF AROMATIC AJIINES AND TRYPTOPHAN 

■ JI J ALLEN, E. BOYLAND, C. E. PUKES, E. S. HORNING 

ASD J. G, WATSON' 

From the Cheiter Beatty Beaearch Initilute, Irutitute of Cancer Btseareh : 

Royal Cancer Hospital, Fulham Road, London, S- H .3 

Receh’ed for publioation April 0. 1057 

SEN'SiTiviTi’ of the bladder epithelium to carcinogenic stimuli was demon- 
tmtetl by the induction of cancer following the introduction of coal tar directly 
into the bladders of rata (Maisin and Picard, 1924; Picard, 1927), Ilonscr, Clayson, 
Jull and Pyrah (1053) showed that the implantation of relatively large parafliti 
•wax pellela without added chemicals into the bladders of rats inducerl papillomas. 
On the other hand Uiidnli, Chalvet and Wintemitr, (195r)) were unable to obtain 
tumours when small jicllcta of paraffin ■wax or cholesterol were inserted into the 
bladders of rata, but carcinomata were produced with wax or cholesterol |>cllcf5 
containing phenazine, 1 . 2*5 ■ 0*dibcnzphcnazinc or 2t)'motbylcbolnntbrcnc. 
The bladders of mice seem to bo more resistant to the apparent carcinogenic; 
action of inert solids than are those of rats so that mice are more suitable nrn’rnals 
for the testing of bladder carcinogens. 

dull (19^1) developed the technique of aiirglcal introduction of wax jicllcts 
contoining carcinogens into the bladders of mice and this has been used very 
effectively by Bonscr, Clayson and JuH (1931) and by Bonser, ('layson, Jull and 
Pymli (1052) in studying the induction of bladder cancer. These ntitliors found 
that 2'naphthylaminc. which induces bladder cancer in ilops and man, does not 
cause cancer when introduced into the bladders of mice. On the other hand 
Jicllcts containing 2'amino-l-naphthol. wliicli w n known mfermedinr}’ metabolite 
of 2'nnpbthylamine, prtxlueeil cancer of the bladder Thus they showed that 
the metluKl could give some indication as to ■»vhcthcr a carcinogen nas acting 
thm\ly or after mctn\»nVic changes. The fact that bladder tumours were obtnniwi 
with 20'methylcholrtnthrcne and 3 4-r> C-dn>enzcarbnzoIe suggests that these 
|Kilycyclic compounds act without undergoing previous metaholio changes 

In the prrsnit svork the technique d<“scnl>e<I by 'lull (lUfil) has been modified 
in two wasn (cf Boyland and Watson. lU.’iU) Fir>tly. tlie snlMtainnH under test 
are rnixrsl with four parts of olioli'stend and crunprcsvxl into (tctlels mUeail of 
Wing mixfNl wilb molten was ScnHulU-. the ojiening in the bladder through 
which the pellet is tntrodu(V<i is tusl off watb thrra<l instead of lieing M-wn A 
dicMh’Antage of tliLs mcth'xl m that some tumours are indurefl by eliolesicrol 
j»eIIrlA alone and this must l>e eonsidere*! in asM^sing the e.irc'inog»*nieilv of tin* 
►nlrttiinres testerl Iton«er. Und'hsw ('lasMiii ami .lull (Iti'U). in a t'bormigh 
unr^tigation of tlm trehnHjur, otuainetl tumours in n jiro}*'>rtjon of mire irr.atrcl 
witli |irllrt* of pamnin T lji« mdurtinimf ranwr ebernir.inx iri«*rt rniteml 
•• ann|(*goii« to the iniloctum of iurrtimsi.n b\ s*i!»ruianrTMi«i imphni.sii'uo 

* I'rr^rl II «;r<*l A 
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Tabus I — eont. 


0. 2-Amino-C oaplithol aulpliuric cator. 



10. 2'An)ino*6-naphttiyl glucoaiduronic ncid. 


11. 2-Acotan)ido-6-naplithy] gliicosiduronie acid. 


12. 2.Ac«lamido-6.nftplithol sulphuric ester. 


O6H5C50 


O^HsCjO 


HO3SO 


CO 

oa 


NHC0CH3 


NHCOCHj 


13. 2 . Acatnmido • 6 ; 6 • dOiydroxy .5:6. djhydro* 
naphthalono. 



2 • Acotamido - 6 • 6 - ddiydroxv • 5 : 0 • dUiydro- 
n 0 phthnlon 0 glucoaiduronic acid. 


yHO- 

0 (SH 9 c 2 \f 




NHCOCH3 


15. 2 - Acetamido • 5 • 6 . dihyrdoxynaphlJjolene aul- 
phurio ester. 


16. 2 . Acetamido -6.6. dihydroxynaphtbaleiw 

glucosiduionic acjd. 
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Tabix 1 

Jfetobohtcs of 2-n»phthyIamine 


1. 2-Amino-l-iuiphlhol Bulphuric esUrr. 



S. 2*AcetainidonAp}ithalcnc. 



3. 2-Naphthyl aulphamie acid. 



4. 2-KaphthylaiTiirw-N-glueoiiduromc acid. 


OT NHC 6 H 90 s 


8. 2-Ami'no*l>n«p}ithnl plucwiduronic ncfd. 


8. 2-Amino. Lnaphthol tulphurie outer N-Kl«»ro- 
■iduronM Aral. 



7. 2 Amino 8 napiitiiot 


♦ I Ar*44k^.tuio a eAji i»rf4 





INDUCED CAN'CEK OP DLADDEn IN 3IICE 




or “ ndcnoinns ” provided tiiore wn« no invnsivo infiltration, or cj'toiogical endcnce 
of malignancy. Tlio tem\ " carcinoma ” was only ns«l for tumours tliat wre 
invaaivo or had tho histological clianictcristics of nialignancy. 

HESULTS 

In most of the groups, GO to 80 per cent of the mice survived the operation 
for 30 weeks (Tahlo II). When considering the reports recorded in the table, 

cinomata aro all eJnssified as " tumours ” and the 

sidcred from the total incidence of “ tumours . 

not recorded. Among tho mico which died in less 
no tumours \rcre seen, hut in many cases post 
mortem changes were so great that a histological diagnosis could not be made. 
The “ activity " is therefore considered from tho ratio of number of turaour- 


( 648 ) 



M. J. ALLEX, E. BOYLAND, C. E. DUKES, E. S. HOBNIXG AND J. G. WATSON 216 

1 ; 2-5 : 6-Dibenzanthracene, 3 : 4-quinone and 2-phenylphenanthrane-3 .• 2'- 
dicarboxylic acid were prepared as described by Bhargava, Hadler and Hcidel- 
berger (1955). 

2-Amino-l'naphthol, 4'dimethylamino-3-hydroxy<iiphenyl, and l-dimethyl- 
ainino-2-nap2ithol n-ere prepared by hydrolysis of the sulphuric esters obtained by 
oxidation of the parent amines with persulphate as described by Boyland and 
Sims, (1954). Potassium 2-naphthylsulpbamate and ammonium 2-naphth3’laniine- 
N-glucosiduronatc were prepared by the methods of Boyland, Manson and Orr 
(1957). 2-Aminol-naphthol glucosiduronic acid was prepared bj' the acid hydrol^'sis 
of 2-acetamido-l-naphthol glucosiduronic acid which was isolated from urine of 
rabbits dosed with 2-acetamido-l*naphthol (Boyland and Manson, 1957). 
3-Hydroxykyj\urcnine was synthesised according to the metliod of Butenandt 
and Hcllniann (1950). 

Stock mice were anaesthetised with a mixture of 90 per cent etlier and 10 per 
cent ethanol and maintained in anaesthesia by placing the licad iji a tube contain- 
ing a cotton nool plug moistened %vith the anaesthetic. The abdominal wall M'as 
wetted with ethanol and an incision made with scissors to give access to the 
bladder. Tlie apex of the bladder was held In forceps and a 3 mm. incision made 
in the fundus with scissors (Fig. la). The pellet, held in straight forceps, was then 
inserted into the bladder wliile the lumen was held open with 3 pairs of forceps 
(Fig. It). The suture -was tlien licld together with forceps and ligated close to the 
forceps with a single fine silk ligature (Fig. Ic) The abdominal wall was closed 
by sewing in two layers using a figure-of-eight stitch. 

The mice were returned to their cages and maintained on a mixed diet. Any 
mice whicli appeared ill were killed, other mice were killed citlicr at 40 w'ceks or 
52 weeks after operation. All mice were examined at post mortem in a manner 
previously’ described by Jull (lOrtl). The bladders were distended by tlio injection 
of Bonin’s solution and fixed for 24 hours before they were cut open and examined 
with a hand lens. 

1 , -1 . .r ..it.. . *• 1 

froi ■ , • \ 

in c ■ • ■ . • • •. I .■ . ' ■ • . 

1. JnjKifitniaiur!/ u’sioiiit. — 'iiicM? weic wiy cummun unu coiiHisicu uaiiiuly 
of a dense Infiltration of the mucosa with inliaminntory cells of the lympboid 
tyi)c re.sultuig often m a general tliickomiig of nil coats of the bladder. These were 
of no Rigiulicance lu relation to neopKastic cIiaiigCH 

2. due to oprrninr tmuino -These consisted of Hinall tibroiw uodulcH 
or iHlands of nu>)plac-o<l cpithehmit sometimes fonmug small cyst.s Ixrsious 
n.Hsociafcd nith the scqueslration of cjMthclium on the suture (mo lm<l to Ixi 
distinguidif<l from iii\nsi\e tieopl.tsin.H 

SfopUiflic Mnmtc foci 4)f epithelial liyjK-rjilnsja uerc not reganlcd 

aR of iieopla.'<tir sigmlicaiuM* beeanvc nllhcnigh some may n-presenl the earliest 
presence nf neopl/ism others may Ik* inll.amnmtoiw m nature The onlv lesions 
reconled ucre larger luslules worthy of iK-iiig callesl tumours which pro]ecte<l 
fniin the surface or dijijHtl info the siilM-pithehal tissues TJu*sc were classified 
a-s either (a) Ik’Uicii p.ipilloma and mienoina " or (b) carcnimna I’lie distinction 
lK*twe<-n iM„ /.{;iges IP pi'iipliHtic j»r»>|jferatioM is not iihwi\->i ea«i- fx-eaifAe 

there nn\ Ik- no hani and fast hm* of ihstinclion iK-twiK'n them Benign tiimonrH 
nccorthng t<i their general cellular structure were ealhsl cither " pnpillonins '* 
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bearing mice to the number of mice surviving for 30 weeks. The probability that 
this ratio differed from the incidence in the control series was calculated by the 
test. ^ 

Although no tumours -were seen in the 13 mice which survived for 30 weeks 
or more after treatment with paraffin wax pellets, one mouse killed after 52 
weeks showed hyperplastic changes of the bladder epithelium. Of the 24 mice 
surviving 30 weeks or more after implantation with cholesterol pellets one had 
a carcinoma and another mouse revealed hyperplastic changes. Thus the control 
treatment does not produce a completely negative result. Of the 26 groups of mice 
treated with substances under test, 9 contained one tumour in each group and except 
for the 3-hydroxy-4.aminociiphcnyl group in which only 10 mice survived SO 
weeks the substances imjdanted in these groups may be considered as inactive. 
These include ; 


1 . 2-5 : 6-Diben2anthracene-3 : d-quinone 
2-PhenyIphenanthrene-3 : 2'-dicarboxylic acid 
Potassium 2-naphthyl3ulphamate 
Ammoniura-2-naphthylamme-N-glucosiduronate 
2-Anuno-6-naphthol hydrochloride 
2-Acetamido-6-naphthol 
l-Dimethylamino-2*naphthol, 
4-Dimcthylaminoazobenzene. 

Examples of the lesions produced are illustrated in Fig. 8-8. 


DISCUSSION 

The technique of implanting pellets into the bladders of mice can be used to 
indicoCo whether the carcinogenic activity is due to the substance itself or to a 


to their biological action. 

1 . Miscellaneoue substances 

Maleic hydrazide was tested in the present ex^riments because Parhngton 
and McLeish (1951) had found it to bo a mitotic poison for plant cells. It not 

induce cancer ’ ■ ' ^vith the findings of Barnes 

andHaddow ' ■ ■ • .btain a significant incidence 

of tumours in rats injecteu wiui uuy voiiqmuim. iwwivUgh it produced chromosome 
damage in plant cells, it does not interfere ^rith mitosis in cells of the 
noma, wdien injected into tumour-bearing.rats (Boyland and KolJer, unpubhshed 
observations). ... 

Pellets containing xanthine induced carcinomata. This is in agreemen 
earlier work (Haddow, personal communication) in which injection of xao in 
induced sarcomata in rats. ,nnrrrv 

Pellets containing saccharin induced a significant incidence of bladder turn • 
On the other hand, in an experiment in which 20 mice were injected twice > 
with 1 g. saccharin per kg. body weight for 12 iveeks, no tumours P . ’ 
although 12 mice lived for one year and 8 mice were killed 2 years aite 
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} Pellets mado with parofiin wax in placo of cholesterol. 



221 


INDUCED CANCER OP BLADDER IN MICE 


after the latter has entered snsceptible cells. The simpler explanation is, Jmxrerer, 
that the carcinogenic hydrocarbons are carcinogenic per ee. The carcinogenic 
action of hydrocarbons could bo due to their ability to form complexes vrith the 
purines of nucleic acid and “ this association may change the nucleic acid aufBei- 
ontly for chromosome aberrations to resalfc ” (Boyland, 1052), The induction of 
tumours with the hydrocarbon is in agreement %vith the findings that the polycyclic 
compounds SO^methyleholanthrene and 3:4-5: fi-dibenzcarbazole are carcino- 
genic in the mouse bladder (Bonser, Clayson, Jull and Pyrah, 1952). 

3. Derivatives of 2~naphthijlamine 

Unlike 1 : 2-5 : 6-dibenzanthracenc, somo aromatic amines appear to be indirect 
carcinogens which must be metabolised into actire forms. 2-Naphthylaminc 
itself possess^ only very slight activity as a bladder carcinogen but 2-amino-l- 
naphtbol is active (Bonser, Bradshaw, Clayson and Jull, 1956} and of the seven 
derivatives examined only 2-amino-l-naphthyl glucosiduronic acid produced a 
significant incidcnced of tumoiira. It had been argued (Boyland and Jlanson, 
1955 ; Boyland, 1956) that of the 16 identified metabolites of 2-naphthylamine 
listed in Table I only one— 2-amino-l-naphthyl glucosiduronic acid— should be 
carcinogenic and this compound has now been Bho^m to induce tumoura. The 
relatively high proportion of papillomas (4 papillomas, 3 carcinomas) induced 
with this metaboHto is remarkable. If one assumes that the papillomas would hare 
developed into carcinomas in time then this finding suggests tbst the substance is 
slow in action. 

The insignificant incidence of tumours induced inth 2-aroino-6-naphlhol 
hydrochloride an 2*acetamido-6-naphthol is of interest as these are representatives 
of the tj’pe of oxidation product in which the oxygen has entered the benzene 
ring remote from the ammo group. The inactivity of these substances makes It 
improbable that derivatives of these (e.g.. Nos. 9, 10, II and 12 of Table I) 
would be carcinogenic but nevertheless they arc being tested in experiment 
which are now in progress. The inactivity of 2*-araino*6-naphtho) compared with 
the activity of 2-anuno-l-naphthol wliich is an ortAo aiainophenol is in agreement 
with the idea that the carcinogenic activity of some at least of the aromatic aminw 
is dependent on their metabolic conversion to ortio arainophenots. Tiie suscepti- 
bility of the dog and man to the carcinogenic effect of 2-naphthyla^ne « 
probably related to the relatively high proportion of 2-aniino-l-naphthol formed 
in vivo by th^e species. In rodents, which are more resistant to 2-naphthyiaminc, 
derivatives of 2-atnino-6-naphthoI appear to be the predominant metabolites 
(Clayson, 1953). 2-Amino*l -naphthoJ, however, does not usually 
the urine but conjugated wth glucuronic acid and sulphuric ^ 

presence of ^-glucuronidase the glucosidnronate may be hydrolj^ech hbera 
the active compound. In the present experiment, 2-amiiio-I-naphthol 
duronic acid produced more tumours thon did the free 2-amino-I-napU . 
possibly because the carcinogenic activity of the latter "rtis in part masKe j 
toxic effects men the pellet of 2-aimno-l'naphthoi in cholesterol wjts wseriro 
into the bladder, s dose toxic to proliferating cells might have been introclu , 
whereas in the case of the glucuronic acid conjugate, the free carcinogen wou 
liberated slowly by /5-glucuronidase in the urine. , , o u 

Bonser et al (1956) has shouTi that I-ammo-2-naphthol and also 
naphthol were carcinogenic m the bladder of mice. Our results suggest a 
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commencement of the experiment. The bladders of these mice vrere examined 
po«t-mori€m as in the bladder implantation experiments. In further experiments 
carried out ■with Professor P. C. Koller, the injeetjon of 1 g. per Jcg. of saccharin 
as the sodium salt into rats bearing the Walker Carcinoma produewi no apparent 
chromosome damage. Fitzhugh, Nelson and Frawlcy (1051) noticed that feeding 
of saccharin to rats was associated \rith*“ an increased incidence of the ordinarily 
uncommon condition of abdominal lymphosarcoma ” but these authors did not 
consider that saccharin was carcinogenic. Salamcn and Poe (1950) found that 
saccharin had some initiating action, that is, it caused skin tumours to appear 
in mice when its application was followed by treatment with croton oil. The 
induction of bladder tumours «ith saccharin suggests that the presence of the solid 
pellet in the bladder may have a promoting action and that the method of bladder 
implantation detects incomplete carcinogens. 

2. 1 J 2-5 ; 0‘Dib€manthrae€ne and derivalives 

Bladder tumours were produced with 1 : 2-5 rO'dibenzanthraceno but tho 
oxidation product 1 : 2-5 : O-dibenzantbraccne-3 : 4-quinono and the metabolite 
2-plicnylphenanthrcnc-3 : 2'-dicnrboxylic acid gave negative rc-sulfs. Tho parent 
compound thus appears to initiate a neoplastic change without biochemical 
elaboration. If this is the case, then the conversion of 1 .2-!i : O-dibcnznnthrncene 
into 2*phcnylphcnanthrcne'3 ; 2'-<licarboxylic acid described by Bhargava ct 
fll. (1055) if of the nature of a side reaction or detoxication process. Tlic possi- 
bility remain.s that the phcnylphcnnnthrcnc dicarboxylic acid cannot penetrate 
into cells, but can be produced by metabolism of 1 ■ 2-5 ; C-rlibeuzanthraccno 

• • ! a I e I 1 2-5 J 6 r>a-*r\rnMl.T,rr.Tv.. 

3 . 4 qTiinoR* S s'.«iK-«rU»x}iK- 
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A number of ortho aminophenols are noiv known to induce cancer in the bladder 
of mice and the problem of the mechanism of action presents itself. These amino- 
phenols are ver^' reaetiro compounds being readily oxidised and combining m'th 
many reagents. They are also chelating agents forming complexes \nth metals 
(Charles and Freisor, 19152), For this reason the actiro chelating agent, S-hydroxy- 
quinolino or oxino, was tested and gave tumours in C out of 16 mice which survived 
30 weeks. Thus it is possible that this compound and the ortho aminophenols are 
active by virtue of their chelating power. The activity might therefore be due to 
combination of the carcinogen uith the desoxyribonucleic acid (DNA) of chromo- 
somes through the metals of the DNA forming a double chelate as a distorted 
DNA moleculo. Other possibilities are that the chelating agent competes with the 
DNA molecules for metals wliich arc probably essential for the correct functioning 
of DNA of chromosomes or that they break nucleoprotein molecules as observed 
by Kirby (195G) m vitro. On the other hand the fact that Bonser et al. (1954) 
found l-methoxy-2-naphth3’lnmino induced bladder cancer in mice is not in 
agreement with this Jij’pothc.sis as this com^iound should bo devoid of chelating 
activity. 

The carcinogenic action of 8-hy<lrox\'quinolino is of practical interest because 
tliig substance is used as a spcnm'eldal agent in contraceptive preparations and 
as a presen’ative particularly in tobacco in Germany (Wegner, 1955), Hoch- 
Ligeti (1956) lias tloscribed the induction of carcinoma of the vagina in rats 
^ated intravaginalJyu’itli a contraceptive cream containing S-iy’droxyquinoline 


spermicidal agents are being tested for carcinogenic activity in the vagina ot 
the mouse. 


5 Tryptophan mctaboUics 

The natural Iiistory of bladder cancer in men working 'rith aromatic amines 
does not differ from that of bladder cancer occurring in the general population. 
In the case of tfic occupational cancer the cause wou/d seem to be the ortho 
aminophenols liberated in the urino by' the action of urinary' ^-glucuronidase on 
excreted metabolites of aromatic amines such as 2-naphthylnmino and 4-amino- 
diphenyl. One might e.xpect therefore thot bladder cancer in the general popula- 
tion is due to an excreted carcinogen. In normal metabolism in man and anuna a 
tryptophan, is converted to nicotinic acid by way' of Jcymirenine, 3-hydro.vy* 
kynurenic and 3-hydroxy anthranilic acid ; 3-hydroxykymiremne and S-hyaroxy- 
anthranilio acid are ortho aminophenols and they' are often present 
urine. 2-Amino-3-hydro.xy'acetophenonc is another ortho aminophenol 
from tryptophan which is sometimes present in human urine (Dalgloish, oJl 
All these naturally-occurring ortho aminophenols induced bladder tumours 


our experiments. , , , . 

Although pellets of 3-hydroxyanthranilic acid in cholesterol protlucetl tumoura, 
pellets of the same compound in paraffin wax did not induce a significant uum er 

tumours (1 tumour in 22 mice). The diffusion of S-hydro.xyanthramhc aciU irom 
pellets was therefore e.xamined. Tlie pellets were incubated in I ml. ua er • 
After different intervals (indicated by the points in the figure) the aqu p 
was replaced and the 3-hydroxyanthranilic acid estimated by measureniem- 
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substitution of the amino group as in l-dimethylaramo-2-naphthot destroyed the 
activity. This is surprising as usually methylation of carcinogenic aromatic 
amines either in the amino group itself or in the positions orlho to the amino group 
enhances tlieir carcinogenic activity. 

4. Amines and amincphenoU 

4-I)imethylamino*3*hydroxydiphenyI, which is the ortho aminophenol corre- 
sponding to 4-dimethylam\nodiphenyl which had been shown to be carcinogenic 
in rats (Miller, Miller, Sandin and Brown, 1949), gave an indefinite result (2 tumours 
in 13 mice). 



2-Amtno-4 : 5 lUmoUiylphenotd R.IIydroxyfjuinolino 


OH 

4 DitnethyUmmo.3.hydroxy diphenyl 


4.DuncMhylaminoazobcnzon» 



fjfidiuKv 

(2 1 0 Dm»)inn.3-p1if‘n} if\70p}Ti<line) 


3-(4'-DtmetUjl[viT»mophcnyl)Mop>’T»dmo 

N>oxido 


Formulao C — Amines end Aminophenol? 


4*l)irnethyIaminoa7.obenzeno or Butter Yellow is a liver carcinogen uhich mis 
inacliv" ' * ochloridc (I’yn- 

du**/*) This comjKunul 

is simi *, I other phenyl* 

nzopyrmine ticnvntivca which Browm, Malloy, McCarthy, Verrett ntul (Vrciwlo 
(I0r»l) fotmd to Ikj hciwtio carcinogens, and is thus a heterocyclic analogue of 
thmctUylamiiiol«ct\zenc. lnlhis«)mj>o\md,chelationis|K>sain\Dlhn^\)gh the2-nmnm 
pn»ip and the nr.o linhngo hut dtmcthylAminoa7x>1>cnxenc uhich is not a blnrhlcr 
c.nrcitingen could Ik* inctnt>oli**o<l to a hydroxy -ilcnvntive u itli chelating prt)iK'rlirK 
‘-•AiTi»no**t . rMhtnetliylphenol {2*nniit)o-4 . rcxylotml) is the simplest nminn- 
plirnol found to Ik* carrinogrnie Aminophenol itself autl niononiethyl dens at i\ rs 
are now l>eing tested by the tdadder im]>lant.ation leelinique although .tlitler niid 
Miller (UU‘«) foutui ortho aminophenol to Ik* non-carcinogenic «hen tested by 
fresling to rata. 
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the absorption at 208 m// in 0*1 n-HCI solntion using a Unicam Spectrophotometer 
The results (Fig. 2) show that the rate of diffusion of 3-hydroxyanthraniIic acid 
js such that about liaJf of the 2.mg. of 3-hydroxynnfhranih'c acid originally present 
diffused out of a cholesterol |>cllet in lo days and that about 10 per cent diffused 
Out in the first 24 hours. The rate of diffusion falls wnth time and varies so that 
the diffusion at any time is proportional to the square of the amount of 3-h>droxv- 
anthranilio aeid present at that time. On tlie other hand only 0 per cent of the 
3-hydroxyanthranilic acid was detected In the wmter in which paraffin wax pellets 
containing tlie acid had hcen incubaferl for 10 days. 



Fio. 2 — Reloflso of S.hydroxynntllmnilic nci.l (3HAA) from (a) ono cholesterol pellet contoinirg 
2 wg 3}I.\A iincl (n) ten parttlfio jirlletn each contoming 2 mg. 3fIAA 


Diffusion of the carcinogens with urine in the bladders of the mice Ttovi 
presumably occur at comparahlo rates and this could c.vplain the 
inactivity of the 3-h5'droxyanthranilic achl in paraffin wax pellets. The i usio 
of substances from paraffin wax must <lepcnd on the material first uisso 
the continuous phase of wax and then dissolving out with the surronnamg ' a 
Diffusion out mitst therefore depend on solubility in wax and in water. 

Diffusion from cholesterol |x;llct8 can proceed either by solution m e 
or by solution in u-ater which penetrates hetn-een the crystals in ® ^ 

substances which are soluble in •water arc therefore hkel^' to dmuse 
compressed cholesterol pellets, but not from pellets of paraffin wax. \ 
hand substances which are readily soluble in water may diffuse out ? ^ . j 

pellets too quickly, so that thc}’^ either produce toxic effects or are rapid y 
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(2) Xanthine and saccliarin induced bladder tumoure, but maleic M'drazidc 
did not under these conditions. 

(3) Under conditions in which 1 : 2-5 : 6-dibenzanthracene gave bladder 
tumours, I : 2-5 : 6-diben2anthracene-3 : 4'quinone and a metabolite of the 
hydrocarbon, 2-phenylphenanthrene'2' ; 3-dicarboxylic acid did not iiidiiee 
tumours, indicating that this metabolite is not concerned in carcinogenesis. 

(4) Of the si.xteen metabolites which have been identified in urine of aiiimak 
dosed with 2-naphthylamine, five have been tested in the mouse bladder and only 
one of these, 2-amino-I-naphthoI gliicosiduronic acid gave tumours. This is m 
agreement nith knowledge of the behaviour of these substances. 

(5) Of the simple aminophenols tested, 2-dimethylaminophenol and 2-amino- 
4 . 5-dimethylphenol produced tumours. 4-DimethyIaminoazobenzene, (DAB) 
did not induce tumours, but Pyridium (2 ; 6-diamino-3-phenyIazopyridijie) was 
active. 

(6) 8-Hydroxyquinoline, wdiich like the ortho aminopKenola is a chelating agent 
(which is used as spermicide and fungicide) induced cancer in the mouse bladder. 

(7) Three ortho aminophenols which are metabolites of tryptophan — 2 amino 
3-hydroxyacetophenone, 3-hydroxykynurenine and S-hydroxy anthranilic acid 
induced cancer on implantation in the bladders of mice. The possibility' of such 
compounds being the cause of cancer of the bladder in man is discussed. 

We are indebted to Dr. A. L. Morrison of Roche Products for the gift of 
xanthurenic acid and to Dr. D. Manson and Dr. P. Sims for a number of compounds 
used. We should like to thank Jliss M. Biggs, Mr. J. W. Gorrod, Mr. R. E. S. 
Prout and Mr. E. Woollard for skilled technical assistance and to Mr. K. G. 
Moroman, A.R.P.S., A.LB.P., for the photographs. The work has been supported 
by grants to the Chester Beatty Research Institute (Institute of Cancer Research 
Royal Cancer Hospital) from the British Empire Cancer Campaign, the Jane 
Coffin Childs Memorial Fund for Medical Research, the Anna Fuller Fund, and the 
National Cancer Institute of the National Institutes of Health, U.S. Public 
Health Service. 
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The inactivity of 2'amino-l'naphthol hydrochloride iu the present experiments, 
in contrast to tho activity of this substance in paraffin wax found by Bonser 
et al (1956) might be due to the compound diffusing too rapidly from the 
cholesterol pellets. 

In view of these considerations the behaviour of different substances in pellets 
should be studied and the appropriate medium — either paraffin wax, cholesterol 
or other material — chosen. The medium should allow tlie suspected carcinogen 
to he released at a suitable rate. 

In these experiments there is the possibility that the action is due to some 
active impurity. Although attempts were made to use pure materials, many of 
the substances used are unstable. Thus, 3-hydroxyanthraniUc acid is easily 
oxidised to 2*aminophenoxazone-4 : 5-dicarboxylic acid acid (Butenandt, Biekert 
and Neubert, 1937) and this might be a contaminant of the acid, Similarly 
3-hydroxy-2-aminoacetophenone is readily oxidised to 3-amin0'4 : 5-diacetyl- 
phenoxazone (2). These phenoxaiones are similar in structure to the chromophore 
of actinomycin and the amnochrome pigments of insects. Derivatives of this 
type are under investigation for carcinogenic activity. 

Plaine and Glass (1955) found that the addition of Z-tryptophan indole or 
anthtanilic acid to the diet of Drosophila mclanogaster larvae produced an enormous 
increase in tho incidence of tumours in the larvae. The effect which was even 
greater when the larvae were also exposed to oxygen at the same time, may be 
connected with the carcinogenic action of tryptophan metabolites in tlio bladders of 
mice, 

Estimations of the excretion of 3-hydroxykynurcnine and S-liydroxyanthranilio 
acid by human subjects has shown that men with cancer of tlic bladder excrete 
more of these substances than do patients with other diseases (Boyland and 
Williams, 1956). These aminophenola are probably excreted in urine in con- 


^ The induction of bladder cancer in man by this meclianiam is thus thought to 
' carcinogenic ortho aminophcnols in urine from 

: the action of enzymes. The effect can therefore 

^ concentration of tho orrto aminophenol gluco- 

siduronide, (2) tho activity of /^-glucuronidase and sulphatase m the urine and 
(3) the time 'during which the urine remains in the bladder with enzymes acting 
on the excreted aiuinophenol conjugates and liberating tho carcinogenic ortho 
aininophenols. 

AU these factors can be reduced unspecifically by increasing tho water con- 
sumption and 80 diluting the urine. The first factor can be reduced by avoiding 
contact with aromatic amines or other precursors of orf/io aminophcnols or in some 
cases by correcting the diet bo that phenolic metaboUlea of tiy-ptophan arc not 
excreted. Tho second or enzymic factor can be reduced by treatment ivith 
I ' 4-BaccharolactOTie which is a potent inhibitor of /?-gluc«ronidnso {l.«vvy , 1952). 

SUJtMARY 

(1) The operation for implantation of pellets into the bladders of mice has 
been modified and used to test substances for their carcinogenic activity. 
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Fio. 3.— Pspilloma from bladder of a mouse 40 «r«k< after implantation of cholerterot pellet 
vontaining 2-amino<l-nflp!ithol glucotiduronie acid, x S5. 

Fio. 4. — Section of dutended bladder from a mouse 40 weeks after implantation of cholesterol 
pellet eontaixung 2-amino-3-hydroxyaeetopbenone. x 10. 

Fio. S.-»IIig1ier magnillcatloo of focua of carrinotua from bladder ahown in F^ig. 4, showing 
small inraais*o foooa of carcirvoma. X 40. 

Flo. fi.'— Se<;tion of bladder of a mouse killed 40 weeks after implantation of a cholesterol 
pellet containing 3-hy<lraxyanthrannio aeid showing solid differenttaled careinoma. x 1I> 

I'to. 7.*~Section of bladder aliown in Fig. 6. x 65. 

Fro. 8.— Maofoscopie view of tho urinary bladder of a moase killed 52 weeks following 
implantation of 3.hj*droxvanihrantlie acid in cholesterol showing pepUIaiy carcinoma. 
Four largo carciflomatoui lesions are ecen projecting into the lumen of the bladder, x 3J. 
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1-naphthol (2 g., ra.p. 135-138“ with decomposition) wm 
added to carbon disulphide (50 ml,), dimethylanilino 
(10 ml.) and chlorosulphonic acid (1-4 g.). AfUr standing 
overnight the solution was added to excess of 2M-KOIi, 
extracted with ether and the aqueous phase evaporated to 
low volume. The dipottutium talt of the sulphuric eater of 
X-hi/droxp-i-naphthylsulphamic acid separated and was 
recrystallued from aqueous methanol (0 4 g., plates). 
|Found: N, 3-4; 8, 165. CuHjOjJlSiKt requires N, 35; S, 
16-2%.) One equivalent only of chlorosulphonic acid hat) 
been employed in the hope of obtaining the unknown 
l-hydroxy.2'naphtbyIaulphamio acid but this was not 
achieved. 2-Amino.l.naphthol hydrochloride gave pre- 
dommantly 2.ainino-l-naphtbyl5uIphurie acid with chloro. 
sulphonic acid (Boyland et at. 1053; and unpublished 
observations). (2) K^|0« (7 g.) in water (75 ml.) was addctl 
to potassium 2-naphthylsulphamate (7 g ) and KOIl ' 
(2 5 g.) in 50% aqueous acetone (250 ml.) over I hr. with 
etlrring. After standing overnight, 2K-KO!t (CO ml.) was 
added and the solution evaporated almost to dryneas. The 
residue was extracted several times with a total of ICO ml. of 
hot methanol. After filtering and cooling the solution a 
mixture of product and starting materuil (1 S g.) separated. 
Concentration to 100 ml. gave a further 1 g. of mixture and 
further concentration to 60 ml. gav'e 0 6 g. of almost pure 
product which after recrystallizationfrom aqueous methanol 
gavethedipotassiumsaltofthesulpburicestcrof I-hydroxy* 
2*naphthylsulphamic acid, (Found: K, 3 6; S, 100. Calc, 
for ChH,0,NS»K| j N, 3 C; S, 10 2%.) The concentration 
procedure and punCcation were guided by paper chromato* 
grapby. 

Products from methods (1) and (2) gave 2.amino>l> 
naphthol on boiling with dilute IICI, detected by the 
characteristic colours given when the solution a-as made 
alkaline with KH| soln. and extracted with hentene (lieher. 
mann & Jacobson, 1882). The compound diaxotized and 
coupled with hexylresordnol to yield a mauve colour but 
reacted only slowly with £hrlich's reagent. It could be run 
without decomposition in solvent system (a) but partially 
decomposed m solvent system (e) to yield 2-amino'I> 
naphthylsulphurie acid. 
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the compounds consisted of one molecule of anune and one 
molecule of A^.glncosiduronio acid with the water of crystal* 
lizstion dependent on the derivative (cf. Smith & Williams, 
1049 b). ^-Glucosides are also known to crystallize with 
water, alcohol or amine of crystallization (Uitta & Hizon, 
1944). 

Ammon^urn ^naphthylammc N'$ilue05tdurono/e. t>- 



(10 ml.) was added, and any precipitated amine removed by 
filtration and the Mtrate allowed to stand for I hr. at room 
temperature, when the crystalline product (plates) was 
filtered off and washed successively with water, ethanol and 
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The Biochemistry of Aromatic Amines 

2. THE CONVERSION OF ARYLAMINES INTO ARYLSULPHAJIIC ACIDS 
AND ARYLAMINE-N-GLUCOSIDURONIC ACIDS* 

By E. BOYLAND. D. MANSON and S. F. D. ORR 
Chester Deatli/ Research Jnetilute, Institute of Cancer Research : Royal Cancer Hospital, 
Fulham Road, London, jS.IF. 3 

(Reeeiwri 20 July 1956) 


Aromatic amines are knovm to be metabolized by 
conversion into aeetamido derivatives and oxidation 
to anunopbenols. The aminopbenols may be con- 
jugated or further metabolized. In studying the 
metabolism of 2-naphthylamme by paper chromato- 
graphy two products were detected which gave the 
free amino on acidification (Boyland & Monson, 
1955). One of those substances could be prepared 
by treating 2-napbthylamme with sodium gluo- 
uronate in aqueous solution and is presumably 
sodium 2-naphthylaTnine N-glucosiduronate. The 
other product was found to be Z-naphthylsulphanuo 
acid } this product appears to be produced in greater 
amounts by rabbits than by rats and an analogous 
reaction occurs with aniline and l-naphthylamme. 
Aliphatic sulphamate or N-sulphonate groups are 
probably present in naturally occurring polysac- 
charides such as heparin (Reinert & Wintorstein, 
1936). 2.Naphthylamino and other aromatic 
amines may be excreted as the N-glucoslduronio 
acids and as the A^-sulphonio acids or sulphamates. 

EXPERIMENTAL 

Methods 

Animah were kept in metabohnin cages and the urme was 
CQhected daily. R&bbit^ (approx, 2 5 kg.) and gevnea pigs 
(approx. 400 g.) were fed on cabbage, bran, rat cake and 
(approx 200 g.) on rat cake, bread and water, 
and hamstera (approx, 85 g ) on rat cake, mask, mixed seeds 
and water. Amines were injected intrapentoneaUy in 
arachis oih Rabhlte were given 0 3 g. of aniline, 4-ani\DO- 


guinea ptgerecctvedO 00 g. of 2>naphthylamuieinl*5nil.of 
oil; hamsters received 0 02 g. of 2.naphthyUTnlneinOSmt. 

of oU. 

Paper ehromalography. Upward and downward develop* 
went was employed with Whatman no. 1 chromatography 
paper. Solvent systems used were (o) n-bulanol-jwoiHin-J- 
ol-Olx.NH, soln (2 l5l. by vol.J (Booth. Boyland & 
elanson. 1955), (b) bentene-mcthanol-atayl alcohol (Bi5 
6%)-2».Ila (35:35:n-6:12 6. byvol.) (Ekrosn, J918) 
andfcla-butanol-acetio acid-water (2',1-.1, by vol,). 

• Part I • Boyland, Manson, Sun* L Williams (1936). 


Metabolites were detected on paper chromatograms by 

• . . *1. rr^j -K,_ /A «0'» I.V 


o . 7 

colour reactions are listed m Table 1. 

Materials 

Melting points are uncarrected. Aniline, 4-aminodi> 
pbenyl (p-xenyjsmine), l-naphthylaoime and 2-nspbtbyl- 
amine were from commercial sources. 

Potassium l-smino-S-naphthylsulphate and potassima 
2-amino-l-oapbthyl suiphato wer« prepared by oxidation 
of I- and S-naphthylamine respectively with potaasiam 


Potassium 2-aiainophenyl sulphate was prepared by re- 
duction of potassium 2-nitrophenyl sulphate (Burkhardt t 
Wood, 1920). 

Potassium salts of phenylsulpbamic acid, 4*dipheny]y]> 
sulphamtc acid, l-naphtbybulpbamic acid and 2-napKth;l 
suiphamie acid were all prepaid by treatment of the parent 
amines with chloroeulpbonic acid in dry pyridine. Chloto- 
eulpbonic acid (5 g.) was added to pyridme (60 ml.) at 16°, 
followed by the amine (1/20 mole) and after keeping the 
imxture at room temperature overnight it was poured into 
100 ml' of »-KOH. The solution was extracted several times 
with ether and the aqueous phase concentrated to low 
volume and cooled, when the compounds crystaliued out 
as platee. They were recrystaUixed from aqueous ethanol, 
potassium phenylsulphamate (Found. N, 69 Calc. /or 
CtWfO^NSK: N, 6 6%), yolaiiiiiia 4*diph«njrlylmlphamale 
(Found*. N. 4-8i S, 11-4. C,»H„0,NSK requires N. 4-9. S, 
Xl*l5%)}potas3luml-naphthylsulphamat«(FDund;N, 8 3. 
Calc, for Ci,H,OiNSK. N. 6'4%); potassium 2'«aphthyl- 
8ulpbamate(PoandsN,5 4;S, 12 5 Calc, for C,eH,0,NSKs 
N.5 4.S. 12 3%). 

Each gave a precipitato after sl^ht warming with n-RCI 
and BaCt|. All diaxotized and coupled without prior 
hydrolysis but reacted only slowly with Ehrlich’s reagent. 

fhpoAKsittin salt of the suZpAurtc e4<<r of l-hy^roxy-Z' 
noplilhyltidphamie acid. This compound was prepared (1) 
ly the action of chlorosulphomc acid on 2-amino.l. 
naphtfaol, and (2) by oxidation of potaa<»um 2.nsphtbyl. 
sulphamate with potaasium persulphate. 

(l)2*Amino.l-i)aphlhcil hydrochloride (3 g ) in water was 
treated with NaOH (1 equivalent) and Na/ljO* (0 5 g ) and 
the preciptated 2-amino.l-naphthol (plates) was washed 
with water and ether and dried over r,0*.The dry 2.ammQ. 
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(I) might bo o motabolito. This ua^foiiml to bchavo sulphuric acid could be detected so that mimtionof 
m exactly the same manner as the compound with aaulphate { -SO,H) group appears unlikely. If the 

Hj. 0 6, that 18, althoiigli the amino group naa spotduotothometobolitewascutoutandextracted 
substituted It could bo readily diazotized and with methanol and the residue from the extract 
coupled and reacted slouly with Eiirlich’s reagent, developed on a aecond chromatogram, or if thespot 
It was readily hydrolysed on tho chromatogmms. was cut out and run again after re-attachment to 
even by cold mmoral ncid. to yield the parent amine, fresh paper, 2'amino*l -naphthylsulphunc acid 

could bo detected. This decomposition on the 


chromatogram with the n-butanol-propan-l-ol- 
O-In.NH, aoln. solvent sj’stem without any further 


troatenent wo* characteristic of the synthetic X- 
glticosiduronic acid. Repeated running in this 


2-Naphthylsulphainic acid could be detected in 
rabbit urme without recourse to two-dimensional 
chromatography although tho spot overlapperl with 
2-amino-l-naphthylsulphuTio acid. Its prtwneo 
was confirmed by its iaolation from rabbit unno after 
administration of tbe ammo. Only small amounts 
were present in rot urme, in which it could bo 
detectwl only by tho two-dimensional technique 
employdl above, but none wa.s detected m the 
urme of guinea pigs and hamster*.. 

The labile procursor of 2*amino.|-nnplithy|. 
Bulphuno acid w-os present in tho unno of rats and 
rabbits (tho urine of hamsters and guinea pig^ woa 
not examined for this metabolite) and might be a 
derivative in which the amino group la substituted 
(II) by glucuronic acid or (III) by sulphuric acid, or 


acid. 


solvent system of a spot derived from tbe synthetic 
<?.V-di3ulphato (HI) did not cause any decomposi 
tion although it is hydrolysed in acetic acid~buUnol 
systems. This metabolite is therefore 2-amino-l- 
naphlhylsulphuric acid N-glucosiduronic acid. The 
corresponding sp(>t m rabbit urine behaved in the 
same w'ay. 

Isolation of sodi’fim Z-naphihylamint N-jiartwid- 
uronate. 2-Naphthylamme (0 5 g- m arachia oil) Mas 
injected intraperitoneally into each of four rabbits 
for 6 days (total dose 10 g.) and the urme collected 
and stored m the cold. The urme (2 J.) was centri- 
fuged and the supernatant preserved for the isola- 
tion of 2-naphthyUulphamic acid (below) The 
deposit was washed three times with 10 ml. portions 
of water, flocculent material being decanted, and 
Ihcnwashed twice with ethanol and twice withether. 
Tlio deposit was then extracted twice with hot 
(60*) 60% ethanol, and the extract filtered and 
concentrated to drymess in a desiccator at room 
temperature. Tho residue gave b. rapid positive 


0 SO,H 


O.SO,-H 

"NnH.SOjH 


OH 



(») OH) 

Tho precursor cannot bo 2-acotamido- 1-naphthyl- 
sulphuric acid as this has a diiTerent value 
[0 63 in solvent system (a), upward development) 
and it has not boon detected os a metabolite of 
2-naphthylamine m rats or rabbits (unpublished 
observations). 

The iy-sulphonic acid and iV-glucosiduronic acid 
of 2-ammo-l-naphthylsuIphunc acid have similar 
Rf values m the solvent systems employed (ascend- 
ing or descending development). Both compounds 
yielded 2-ammo-l-naphthylsulphuric acid on acid 
treatment of tho chromatogram m the same woy as 
the unknown metabolite, but the Rf value of the 
metabolite was closer to that of the iV-glucosid- 
uronic acid l-Hydroxy-2-naphthylaiilphamic scid 
(IV) is not known and could not bo synthesized. 
However, after treatment of 2-hydfoxyphenyl- 
sulphamic acid with k-HCI no 2-aTninophenyl- 


IIV) 

Tolicns reaction. Paper chromatography showed 
the presence of a substance identical with sJtJ" 
thetic 2-n8phthyIamino i\'-gliicosiduronic aci - 
Afler three crystallizations from 50% ethane 
to remove amorphous and inorgaiuc unpunties, 
crysiaUine material (1*5 mg.) was obtained, mp 
180-185*, . ^ , 

Infrared spectral analysis (Fig. 1) also indi^ 
that the substance was identical with sjnt e 'c 

sodium 2-naphthyIanuneXf-glucosidi^Jwte,excep 

for some slight further absorption in the ® 
sample ot 1045 and 1115 cm.'*; this m 
due to the presence of an impurity in the iso 
sample* ^i.a 

Isolation of sodium 2-naphthylsulpha’^^' 
supernatant from the isolation of the j. -g uco 
uronic acid was filtered and passed t , 

charcoal column (approx. ISO g- of ^ 
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ethec. Yield of ammonium i-naphlhyhmtne N-jlueosirfuro- 
na/f, 1-2 g.,ni.p 133-140° (decomp.)- RccostallizatmnwA.i 
difficult M prolonged heating with 50% ethanol caused 
decomposition, but a small amount was rccrjstollized for 
analysis, without altering the melting point. (Found: C, 
61 9, 61-8; H, 6 45, 6 5; N, 8-4. 8-5. C„H„04N,,l-r>H,0 
requires C, 61‘73; H, 0-4; N, 8-3% ) 

As the compound u os insoluble in cold water, ethanol and 
pjridine the optical rotation coukl not be dctcrmineil. It 
gave a rapid positive reaction for glucuronic acid with 
naphtlioresorcuiol solution. It was diazotized with HQ and 
NaNO* and the diazo compound coupled with hexyl- 
resorcinol. Cold lON-NaOIIlilieratedNUj. Onboilmgwith 
water the material decomposed and crystals of2-naphthyl- 
aminc (identiffed by m.p. and mixed ra.p.) separated on 
cooling. On keeping in the dry state it lieeamo brown if 
exposed to daylight. Paper chromatography of the aub- 
stance with solvent system (a) caused sumo decomposition, 
2-naphthylamme and the A’-glucosiduronic acid being 
detected. With a two-dimensional chromatogram further 
decomposition occurred during the second development. 

SodiumS-naphthylamineN-^lueosiduronaie D-GUicurono- 
lactone (1*7 g.) in water (10 ml.) was converted into 
sodium glucuronate by addition of NaOH (0 39g.) and 
allowing the solution to stand at room temperature for 
3 hr. Anequal volume of A phosphate buffer (pll 7 0, 0 2 m) 
was then added followed by 2-ruiphthylamino (07p) in 
ethanol (50 ml.). The volume was made up to 100 ml with 
water and the solution kept at 0° overnight. Elongated 
plates of sodium 2-napAtAylamiae K-jlucosiduroncte (0 5 g ) 
separated, the m.p , 101-192° (decoinp.), being unchan^ 
by Tocrystallization from aqueous ethanol. 

[.]!?- -25- 

(value then constant) (e, 0 03 in water.) (Found: C, 620, 
H, 58j N. 60, 57, Na. 4 0, 4 8. C„H„0*N,Na.U,0 
requires C, 62 1 ; H, 5 4 , N, 5 fl , Na. 4 0%.) 



into ammonium glucuronato as above and 2-8mino-t- 
naphthylaulphuric acid (I 3 g., in aqueous ethanol, neutral- 
ized with dilute NH, soln.) was added Paper ebromato- 
graphy showed the presence of a substance which diazotizod 
and coupled with hexylresoccinol to give the same mauve 
colour as 2-amino-l-naphtbylsulphuric acid It had an 
of 0 15 in solvent system (a) (ascendmg) and 0 3 in solvent 
system (c). The corresponding values for Z-amino-l- 
nauhthvNiilnlu.r.n .o..i n so j — ' — .1 « >*•* -i^- 


reaction product was out out, re-attached to fresh paper and 
redeveloped in solvent system (o), when both the initial 


uuu iieaieii ai <u lor U luiii. uetore running 
again, only 2-aimno-l-naphthyl3ulphunc acid was detect- 
able after development of the chromatogram. 

Attempts to isolate the compound were unsuccessful; 
gradual evaporation of the solution over PjOj gave only 
ammomum 2-ammo-l-naphthyI sulphate. 


Ivfrarcd spectra 

Infrared spectra of the samples as nnills in liquid parafBn 
or a fully fluonnated oij w ero measured on a Perkin-Elmer 
model 112 spectrometer, fitted with a NaCI prism. 

RESULTS 

2‘NaphthyJamine tnclabolism in rat, rabbit, 
guinea pig ami hamster 

Aromatic aminos aro ono of n group of compounds 
winch cause excretion of largo amounts of reducing 
material, probably mainly glucuronic acid (Bray, 
Hybs&Thorpo, 1951). 2-XaphthyIamino produces 
the same effect and tbo glucuronic acid excrotod 
might react with tho ammo and its motabolitos to 
yield AT-glucosiduronic acids Tho reaction of p- 
toluidino with glucuronic acid has boon described 
by Smith &■ Williams (1949o, b) Paper chromato- 
graphy of urino from rats and rabbits injected with 
2-naphthylaminD showed that a spot of tho saino 
Itf and colour reactions os synthetic 2-naphthyl- 
ainino A'-ghicosiduronic acid was present 

A two-dimonsional chromatogram was carried 
out, bomg devolojioil first m solvent system (a), 
and tho pajier dried and then sprayed with n-HCI 
along the line of tho separated metabolites. Tho 
chromatogrom was heated ot 70* for 6 mm. ond 
driotl. After treatment with ammonia vapour to 
neutralize residua) acid (which causes distortion of 
tho chromatograml tbo sheet was developed in 
solvent system (c), which gives bettor definition of 
2-naphthylamnio than solvent system (a). 2- 
Naphthylamino was released from the spot corre- 
sponding to the A'-glucosiduronic acid. The N- 
glucosuluronato could be detected by paper chro- 
matogropliy of urine immediately after it was 
{Missed. Tlio urine woa centrifuged and the deposit 
washed with water, ethanol and ether. This deposit 
gave a strong positive reaction with tho Tollens 
test for glucuronic acid and chromatography 
showwl tho presence of the N-glucosiduronio acid. 
Tho presence of tho compound in the deposit 
accords with tho low solubility of the synthetic 
conipountls. Guinea-pig and hamster ijnnea wore 
not oxaminod for this compound 

Tho two-dimensional chromatogram described 
above also gave 2-naphthyIamme from aspot (i?^ 0 6 
m tho firat development) winch diazotized and 
coupled with lioxydresoroinol to give a yellow colour. 
In addition, a spot having tho same colour reactions 


Roalization that tho amino group of 2-naphthyl- 
ammo could be substituted by a very acid-Iabde 
group suggested that 2-naphthyl3ulphamic acid 
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Infrared-absorption spectra of 2-naphlh}/lamine 
and the carbohydrate derimtivea 

The tnam foaturoa of the several spectra (F»r. 1) 
flro the shorii bands between 760 and 850 em.~* duo 
to the ont-of •plane deformation modes, of tho 
aromatic CH groups, tbo strong abaorption at b50- 
2 IGO cm.“* in the sugar derivatives, t2to pair of very 
strong bands at about 1400 and 1600 cm."* due to 
tho carboxylic ion in tlio A^-gJucoaidiironatos and 
tho strong absorption at about 1450 em.~' duo to 
the ammonium ion. 

Tho band at about 1030 cm."*, present in 5* 
naphtliylammo itself, persists in each of tho sugar 
derivatives. Although partly duo to the amino 
group m the amino, it must also bo connected with 
tJie CO vibrations of tho iiaplithalcne nuc/ons, and 
a band at this position is present in the epectnim of 
2-nopht)jol. If the aromatio nticJous wore conju- 
gated %vith a N=C bond, this band should bo shifted 
to lower frequencies, ond anotiior band at about 
IQOOcm."* would bo expected (Bellamy, l()54a). 
The persistence of tho liand ot 1630 cm."* thoroforo 
suggests tho presence of tho -NH-C^ structure in 
each of tho sugar derivatives Tho similarity of their 
nbffoipttonat 746 , 810 and 830 cm.**, duo to tho CH 
deformation modes, confirms this similarity in 
struotiiro. No band duo to tlio NH group itsoir 
could 1)0 assigned with cortaiiUy; tho stretching 
vibration at 3 p. Is overlapped with absorption duo to 
tho sugar liydroxyl groujis, and the deformation 
vibration does not show any woll-dyfinod cliaroclor- 
istic absorption band (Gehamy. 

DISCUSSION 

Arylsulphamio acids appear to bo a now l>'po of 
arylamme motaboiito; these are stab/o in neutral 
solution but hydrolysed by cold ocid. 


1957 

' Biwhby & Woiwod (1955. 1056) have described 
tho isolation of an N-glucogiduronic acid of 
diammodiphonjdaufpfione from rabbit unne after 
administrotion of tho parent amine, The ejeretion 
of labile glueosiduronio acids was propcised by 
Smith & Williams (1949a, b) to account for tlw 
presence of free glucuronic acid m theglucosiduronic 
acid fractions of aniline, p-phonetidine, o-, ajid 
p-anisidme urines. Tiiey considered the excretion of 
freo glucuronic acid unlikely though not impo*aiblo. 
Bray et al. (1951) have shown, howe%-er, that 
reducing material, probably glucuronic acid, is 
proseiit in rabbit urine after administration of 
soveroJ oroniatic compounds, Some of this must bo 
free and not conjugated, bocauso the amount 
produced is too great to bo accounted for by the 
doso of foreign compound administered, and tho 
excretion continues oflor cessation of dosing- Tho 
fonnotion of the A^-gliicosiduronic acid may occur 
in tho urine by combination pf the free smme and 
ghicuronio acid after excretion rather than th® 
body tissues, but this would seem to be ujilikely, 
particularly as Bushby it Woiwod (1956) found 
ovidonco of an N-glucosiduronic acid present m the 
blood of rabbits. , 

Booth <t al. (1066) reported tho formation ofA* 
glucosidw? os ortifacts during o study of the meta- 
bolism of 3-naphthyJain/ne byrat-hi'cr and 
slices. Tho compounds arose by reaction « Ihe 
ammo and its derivatives with glucose in the Ruiger 
solution employoii. . . 

A practical point in paper chromatogropnio 
analvsis arising from the identification o 


TiiiamoyhavOBomo importance inthoirtemui'^'*'^ 
ofnaturnlly occurring aromatic ommea 
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“uoo 1400 1200 1000 So5" 

Wive number (cm."*) 

Fig. 1 Infrarett spectra of (<i) 2 naphthylamme, {b) 2* 
naphthy/amme jy-giucosido, (c) sodium 2-naphtf«y/«nuiie 
Af-glocosiduronafe and (4) ammonium 2-naphtI»ylaiiiino 
i'^-gIuco3idufonat«. 


SU.MMARY 

1. Tbo urins of robbite dwed with 2-nnrlilW- 
online contoins two ocid-labilo derivatives o - 

naphtliy!amino:2-naphtliylsulpWio acid aUQ -• 

naphthylamino N-glucOsiduronic ocid- 

2. Sodium 2-iiaphthyIsulphamnte, which 1^ 

. - • • . solution- 

md detected 
> of rats but 

not of hamsters or guinea pigs nb'-jcd wi 

naphthylamino. , j „ tirino 

3. Phenylsulphamic acid was detected in 
of rabbits but not of rats dosed with 
Naphthybulphamic acid w^ delated ‘ 

of rebbita but nut uf rota Aojed ' ™ur 
•mwi. i.Dipbmylylsulpbumic ttetd 
tobefomod from 4-nitimodiphenyl by e'lbe" 
rabbits. 
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charcoal, British Drug Houses Ltd.) under slight 
suction. The eluate was almost colourless and 
showed no detectable napbthylamino metabobtea. 
The charcoal was then washed with water (1*5 1.). 
This eluate also containedno detectable metabolites. 
Hot methanol was then passed through the column 
in SIX 600 ml. portions, which iaore collected 
separately and examined by paper chromato-. 
graphy. Some separation of 2.amino*l-naphthyl'. 
sulphuric acid from 2-naphthyl3ulphamic acid 
occurred as the first and second fractions contained 
more of the sulphuric ester than the third and fourth, 
which were richer m the sulphamic acid derivative. 
The fifth and 'sixth fractions contained much less 
of both compounds and the sixth contained 2- 
acetamido-6-naphthylglucQsiduronic acid (isolation 
of this compound will bo described separately). Tho 
third, fourth and fifth fractions were combined, 
distilled to dryness after making alkaline with 
NaOH, and the gummy residue was extracted 
several times with hot methanol to separate in- 
organic material. The combined methanol extracts 
were evaporated to dryness, the residue was dis- 
solved in the minimum of n.butanol-propan.l-ol- 
water (2:1:1, by vol.) and Whatman celUiloso 
powder added to form a paste. The paste was added 
to the top of a cellulose column (23 cm. x 6 cm.) 
prepared in the same solvent mixture and the 
column developed over 18 hr., the eluate bemg 
collected in 60 ml. portions. Paper chromatography 
showed that the first two fractions contained 
2.acetamidonaphthalene, 2-acetamulo-6-naphthol 
and a compound believed to be 2-ocetamido-6:6- 
dihydroxy.6 6-dihydronaphthalene. The third, 
fourth and fifth fractions contained 2-amino-l. 
naphthylsulphunc acid and 2.naphthylsulpharaio 
acid and were evaporated to dryness and the residue 
was crystallized from 70% ethanol. After cooling 
overnight crystals (plates) of almost pure sodium 
2-naphthyl3uiphamate were deposited which were 
recrystallized from 70% ethanol. Yield, 0 023g 
(Found: X, 6 7; S, 13 1. Calc, for C,oHjO,NSNo; 
X, 6-7; S, 13 1 %,) In another experiment 0 019 g. 
of sodium 2.naphthyl3uIphnmato was isolated after 
injection of 0 g. of 2.naphthylamino. Tho it, value 


Hydrolysis, but it reacted slowly with EbrJich’e 
reai^nt. The compound yielded inorganic sulphate 
upon wanning with dilute HCl. It gave a persistent 
yellow celoviT to a Bunsen flame. Hydrolysis of tbo 
cotnpounil with dilute HCl, and evaporation of 
tho solution and treatment of tho reeiduo with 
henfoyl ehlondo in pyndine. gave 2.benzann(Io- 
naphthftlcne, m p 1C0-1R3* with no depression 
of m p. uiih an authentic sjiocimcn of 2-bon*- 
wnidonapbtbalpno. 


Concentration of the mother liquors of the first 
experiment gave only mixtures of sodium 2-amino- 
l-naphthyl sulphate and 2'napbthyl3ulphamate, 
which could not be separated. Cellulose-column 
chromatography of the material in the first and 
second methanol washings of the charcoal column 
gave mainly sodium 2.amino-l-naphthyl sulphate. 
To obtain the sulphuric ester all these fractions were 
combined and acidified with dilute HCl. The pre- 
cipitate was collected and recrystallized by .solution 
in dilute alkali and precipitation with dilute acid to 
yield 2-amino-l -naphthylsulphunc acid (0 049 g.), 
m.p 224-226®, which gave no depression of melting 
point with an authentic specimen. The second 
expenment gave 0 029 g of the ester. 2'Amino-I- 
naphthylsulphuric acid has not previously been 
isolated from urine of rabbits injected with 2- 
naphthylamme. 

Aniline metabolism in rabbits and rats 
Phenylsulphamic acid could not be separated 
from 2-ammophenyl8uIphuric acid by paper chro- 
matography m solvent system (o) or (c). The sul- 
phuric ester was present m both species after 
administration of the amine. Aniline could not be 
delected after development with solvent system 
(o) or (c) owing to its volatility. Hence phenyl- 
eulphamic acid could not bo identified (as aniline) 
after two-dimensional chromatography with an 
intermediate acid hydrolysis as described for 2- 
naphthylsulphaimo acid. After application of the 
urmo the chromatogram was developed first in 
solvent system (o) for 18 hr. and then with solvent 
system (6) for 6 hr., when phenylsulphamic acid is 
hydrolysed but 2.anunophenyl<$ulphucic acid U not. 
After treatment of rabbit urine in this manner 
onilme was detectable, released from a spot with an 
Ry value corresponding to that of phenylsulphamic 
acid. Phenylsulphamic acid could not be detected in 
rat unne 

A-Atninodiphenyl metabolism m rabbits and rats 
4-Diphenylvlsulphamic acid and 4-amino-3- 
diphenylyisulphuric acid were separable by paper 
chromatography in solvent system (a). Xo sul- 
phamic acid derivative was detected in rat or rabbit 
urine With this solvent system or by two-dimensional 
chromatography in this solvent system followed by 
solvent system (6). 

\~Saphlhylamine metabolism in rabbits 
and rafa 

l-Xaphthylsulphamic ocid was dotectoil in rabbit 
urine by tho method used for the detection of 2- 
naphlhyhiilphamic bckI Xono was detected m rat 
itnno. 
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The Biochemistry of Aromatic Amines 

3. ENZYMIC HYDROXYLATION BY RAT.LIVER MICROSOMES* 


Bv J. BOOTH AND E, BOYLAND 

Chester Beatty Besearch Institute, Imtttule oj Cancer Research, Royal Cancer Hospital, London, 5. IF. 3 
(Receieed 8 October 1056) 


Several hydroxyJating syatoma showing difTcrcnt 
intracellular diatnbiitiona but requiring a reduciv) 
phosphopyridino nuclootido, or the nucleotide and 
an onxymo system capable of retlucing it, have been 
described. Mueller & Miller (1048) reported that 
a rat-liver lioroogenato, fortified with diphospho- 
pyridino nucleotide (OPN*), nicotinamide, mag- 
nesium ions and hoxose diphosphate, demcthylatos 
and hydroxylatos 4-dimothylaminoa2obenseno to 
give 4'.hydroxy derivativwj- Konsler, Miller A* 
Hyatt (1050) shoivod that the hydroxylation could 
bo carried out by rat-liver microsomos in tho 
progonco of tho solublo liver fraction. Tho 8>*etom 
responsible for tho Jl^-hydroxylation of ll-deoxy- 
oortieostorono by suspensions of ox-adrenocort'cal 
mitochondria roquires reduced triphosphopyridino 
nuclootido (TPNH) (Hayono & Dorfman, 1054 { 
Grant it Brownie, 1066); tho 21 -hydroxylation of 
I7a-hydroxyprogeateronc requires tho same co- 
enzyme, but for this reaction to tahe place both tho 
microsomos and the soluble fraction are needed 
(Ryan it Engel, 1956). Aniline and ncotanilido are 
hydroxylflted, chiefly in the p-position, by rabbit- 
liver microsomos and this sytom requires TPNH 
and oxygon (Brodio et al. 1055j Mitoma A Uden- 
fnond, 1955j Mitoma, Posner, Reitz A Udonfnond, 
1956), whereas tho conversion of 2-ocofnmido- 
fluorene into the 7-hydroxy derivative by rat-liver 
homogenate takes placo in the presence of BRN*”. 
nicotinamide and succinote (Peters & Gutman, 
1956). 

Two examples of naturally occurring compounds 
which ere hydroxylatod by similar sj'stcms have 
boon reported, but in these the inicrosomes are not 
involved. A soluble enzyme system from rat liver 
which catal3'Bos the conversion of phenylalanine 
into tyrosmo requires reduced <liphospbop3rridme 
nucleotide (DPNH) and oxygon {TJdcnfnend St 
Cooper, 1952; Mitomo, 1956), ond the coni’crsion of 
kynurenino into 3-hydroxykynuronine by liver 
mitochondria of cats ond Vats requires TPNH (de 
Castro, Price & Brown. 1958). 

The isolation of donvotivos of 2-araino-I-naph- 
thol and 2-omino-O-naphthol from tho urine of 
animals dosed with 2-nophthyIamino and 2-acet- 
• Part 2: Poyland, JIanson & Orr (1957). 


amidonaphthalenehas demonstrated that hj drozj-I- 
ation of the amines oeeiire in tnvo (WiJsy, IMS; 
Dobriner, Hofmann & Rhoads, 1941; Monson 4 
Young, 1950; Boyland & Manson, 1955) and mfifro 
experiments have shomi that the reaction also 
occurs in the presence of mt-Jiver slices (Booth, 
Boyland A Manson. l055).Thoppe«ontpaperreporM 
an investigation on the enzyme sj’Stem concerned 
with this reaction. 


EXPERIMENTAL 

SloterioL). Tnphosphopyridme nucleotide {T?S*) Mtbe 
ihhydrste of tho sodium salt, TPXH the sodinm 
glucoee e.phoipbete (0 6-?) »s the »i5d>u» wHor the hepU- 
hydmteofthe tyvriuniKiltend glucose 6 phosphetedehydro- 
gen&ee were obtained from Sigms ChemiesI Co. Fotssjuin 
2'napbthyl eulphsmeto and potMSium 6-hfdro*r 2 
tfiyl sulphnmate were prepared by the setton eitJuot^ 
sulphonic acid on 2 naphthylemme sod S-amao-Wspa* 
thol mpcclively {BoyUnd eJ ol. 1957; Boyland A 
(in proparstion)) Other .WrWatvves of 2 naphthyiamifle 
»oro obtained as desnibtd in a previous paper (Booth n w 
103.') Pyrophosphate buffers were prepared from jololioM 

ofN*,H,P,0,»ndK,P,0,- , 

tiwr pfrcrtTO/ioM. la eiperiments to de^rmme the 
IntracelluJar location of the enzyme, 
genaUw in 9 25 u-siicroeo were fractionated by theme 
® , .1, m„terial w»s t»m- 

* • '■ \on', chilled 

livers of male rats *ere homogenized wjin 

Blender (Measuring and Scientific Equipment Oa LUt 

(yemin.!irw.thaPoUerSEWebjem{l936)homo^n^^^^^ 

4 voJ. of 0 05M-pyropbospbsto buffer. pH 7 2. 

wfuti rentrifuaed for 10 min etCOOgto^ 


' in the BUDcrnatant unact i 


lr»- 

lum 

The 

f Jiition 

edto 

Tho 

stmg 


tube employed. Tho preparations coriwi^**>- - 
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4. Sodwim 'I-naphthylamme ^•glucosiduranat© 
was isolated from urine of rabbits dosed with 2* 
naphthylamine and detected in urine of rate dosed 
with the amino. 

5. The g-naphthylamine N-glucosiduronate was 
shown by infrared absorption to have a structure 
similar to 2-naphthylaiiuns W-glucoaide, 

6. Urine of rats and rabbits dosed with 2- 
naphthylamine contains an aciddabile derivative of 
2-amino-l.naphthylsulphunc acid. This compound 
IS not the sulphuric ester of l*hydroxy-2-naphtbyl- 
sulphaimc acid, which was synthesized, but is 2- 
amino-l-nopbthylsulphuric acid W-glucosiduronic 
acid. 

W» -O V Ini' — »v 


Reseaich: Royal Cancer Hospital) from the British Cmpuo 
Cancer Campaign, the Jane Coffin Childa Memorial Fund for 
tledieal Research, the Anna Fuller Fund and the National 
Cancer Institute of the National Institutes of Health, U 8 
Public Health Service. 
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Fig. 1 Effect of pit on the rate of hydroxylation of 2- 
acetamidonaphthalene. Reaction misturoi (3 ml.) con- 
tained 1 ml. of microsome preparation. 3 mM-G 6-F, 
O-mit-TPN, 35 iflv-nicotmamide, 2 raM-2-acctamido- 
naphthalene and 0 2M-pyrophosphat« huffer. and were 
incubated for 30 mui. at 38®. 


by DPNn resulted m a loss ofopproximatoly halfof 
tlio activity and complete loss of activity resulted 
when air was replaced by nitrogen. 

Formation of 2-acelamtdo-Q-naphth(A 
from 2-acc/amidonopAfhaffne 
Fate of reaction and effect of pH. Tho rate of 
reaction was constant over 30 mm. and was 
directly proportional to the volume of microsomo 
preparation added between 0 2 and 1 ml. Theestima- 
iion of activity at various pH values m the range 
•8-8-2 and with 1 ml of microsome preparation 
nicubrttoil for 30 mm., sliowcd optimum activity at 


pH 7-2, the rato of formation of 2-scetaroido-6- 
naphthol being Ipmole/g. ofJiver/hr. (Fig I) The 
activity of the microsomo preparation was de- 
pendent on cither TPNII or a TPNH-gcncrstmg 
aj-stem such as TPN*, 0 6.p and G 8-P dehydro- 
genase. Sufficient liver-G 6-P dehj’drogenase was 
procipilated by tho treatment with acetic acid, 
since the microsomo preparation showed the same 
activity as a suspension of microsomesln the soluble 
liver fraction, and addition of G 6-P or 0 6-P de- 
hydrogenase did not increase the activity or affect 
tho pH-activity curve. 

Effect of concentrations of the reactants The rate of 
hydro\y]ation wos determined in a scries of experi- 
ments in which tho concentration of one of the 
reactants was varied while the others were present m 
concent rations giving maximum activity. The effect 
of variations m TPN concentration is shown in 
Fig. 2, a half-maximal rate being obtained with a 
concentration of 0 018 rmx-TPN. 

The results of experiments m which the activity 
was measured in the prosenco of various concentra- 
tions of G C-P (Fig. 3) show a half-maximal rate 
with 0 25 mM-G 6-P. 

When the substrate concentration was varied, 
maximal activity occurred at a concentration of 
2mH: at higher substrate concentrations the 
reaction rate was diminished (Fig. 3). Examination 
by paper chromatography showed that some of the 
substrate was deacotylatod to 2-naphthylamme 
and this compound may have inhibited the oxida- 
tion. However, estimations of 2-naphthylamine a 
tho end of tho incubations showed that the concen- 
tration was 0 07 mM, whereas a concentration o 
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lirer/ml. and the protein content, determined by a modifica- 
tion ol the biuret method (Finchara, 1954), was 9 tug. of 
protein/ml. 

Estmatian of hyJroxylating activity toitA 2-ocf/ainMltf- 
naphlhaltnt oj «u6j;ra/e. The activity was determined by 
estimating the rate of formation of 2-acetamido-6-naphthol 
from 2-acetamidonaphthalene. Incubations were carried 
oat in air in flasks which w ore sliaken for 30 min. at 38*. The 
standard reaction mivture consisted of 3 tnM-G C-P, 0-2 mM- 
TPN, 35 mM-nicotinamide, 2 mM-2-acetamidonaphthalene 
and 1 ml. of microsome preparation in a total Tolnine uf 
3 ml. of pyrophosphate buffer (0 2 m), pH 7'2. The 2-acet- 
amidonaphthalene was added in ethylene glycol mono- 
methyl ether (O-l ml.), and the reaction was stopped by the 
addition of 10% (w/v)Na,C0, (1 ml.) The reaction mixture 
was poured into a glass-stoppcredtu^, the flask washed out 
with n-butanol (3 ml.) and the washings were added to the 

tiib(* 'J’K#. 0/1.1 1 ,..1—1..- 1'- -- 4 //kff — 1» 


shakmg and centrifuging to separate the layers, produced an 
orange colour in the n. butanol phase; this phase (2-5 ml.) 
was removed to a 5 ml. graduated tube containing 2k- 
KaOH (2 m].). .After shaking and allowing the layers to 
separate, the n-butanol layer was yellow owing to the 
presence of 2-naphthylamino which had been formed by 
deacetylation of the substrate, and the red colour produced 
by the 2-acetamido.6-naphthoI was m the alkaline layer. 
This was removed (2 ml ) and added to another tube con- 
taining ethanol (0 5 ml ) to prevent turbidity, and the 
optical density was read at 520 on a Unicam 8P 600 


xiasKHin wi 


. i - ^..,.1.1,111 .,U4 suuaea wuu n-uucanol (3 ml.) 
which was then added to the supernatant and the colour 
developed as before. 

J^nlijication of hydroxylMcd rnttobolxU* of various 
^‘Ostraie^. The microsome preparation was incubated for 
3 hr. m the T»ar*,„^ ~ — t , . > 


i/uiuuie suostrates resulted in some of them being pre- 
cipitated, and m these experiments they remained partly in 
suspension throughout the incubation. With 2-naphthyl. 

aiumertwaaTint »_ ... 

wht , 

phf 

]Ug . . ■ ■ 

2-aumio.i.naphthyl3u]phuno acid could be identified. 

fnetaboUtes by paper ehTomatography At 
^e end of the incubation pen^ the reaction mixture was 


*”■ “PPiuximately 18 hr in the solvent system n-butanol- 
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n-propanol-water (2: 1 : 1, by vol.). Authentic specimens of 
tbo hydroxy compounds were run alongside the metabobtes 
m each case. The following sprays were employed for 
identification by colour reactions, (o) bexylresorcinol-u- 
HC3 followed by Na\0| (0 5%) and then by heiylresorcinol 
(05% in 2».NaOH); (6) 2 6-dichloroquinonechloroimide 
(0 5%inethanol) followed by Na,CO,(10%) 5 (c}l-naphthol- 


2.sulphonate in 0-Ix-HCl) followed by Na,COj (10%); 
(/) p-dimetbylaminobenzaldehyde (0 5% in ethanol con- 


IdenlifeaCton of metaboUtu by colour tests on the reaction 
mixture, (a) 2-Acetaimdo-7-hydroxyfluorene and 2-ammo- 
7-hydrozyfluorene were identified by the ‘nitrite test’ before 


(I ml.). 5N-HaOH (0 5 ml.) and n-butanol (3 ml) to the 
reaction mixture and shaking. The red colour produced, 
both by the reaction mixture and by an authentic specimen 
of phenol, was extracted into the n-butanol phase and had 
a maximum absorption at 530 xofi. The formation of phenol 
from benzene was confirmed with 2 C-dichloroqumone- 
cbloroimide. The reaction mixture was shaken with n- 
butanoI(3 iid.)aDdceDtrifuged Afterbreakingtheemulsion 
with a glass rod and re-centnfuging, the n-butanol phase was 


mixture and by an authentic specimen of phenol had an 
absorption maximum at 640 m^. A blank m which the 
tissue preparation has been boiled was run at the same time 
ID both cases, (c) p-Acetamidophenol was detected by the 
indopbenol reaction essentially as described by Brodie Sc 
Axelrod (1948). 

RESULTS 

Distribution and requirements of 
the enzyme system 

When the rat-liver homogenate was fractionated 
according to the method of Schneider (1948) it was 
found that the hydroxylating activity was present 
m the microsome fraction (Table 1 ). Equal activity 
was obtained in tlie presence of either chemically 
prepared TPNH, TPN+ and the soluble liver 
fraction or TPN, G 6-P and G 6-P dehydrogenase. 
In the imerosome preparations used in the quanti- 
tative experiments both the microsomes and the 
dehydrogenases of the liver are present, only the 
material soluble at pH 5 4 having been discarded. 
Therefore with this preparation no activity was 
obtained unless a substrate for one of the dehydro- 
genases such as G 6-P, glucose or to a less extent 
malate, was also added. The replacement of TPNH 
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The mechanism of the hydroxylotion reaction is 
stiU not understood, ainco it is difTicuIt tocxplain the 
roquiroment forTPXH in an oxidativorcoction. As 
aromatic compounds can bo hydroxylaied non- 
enzymically in tho prosonco of HjO, and Fo**- ions 
(Loebl, Stem A Woiss, I940J the possibility that 
H,0, was involved hoa been invosligated. Tliiis 
Mitoina (1050) found that II|Oj‘gencrftting sj^toms 
such as D-amino add oxidase, uricaso or xantliino 
oxidaso and their respective substrates could not 


rojilace the DP-V^ or cither of the Uver fractions 
needed for tho hyilroxylation of phenylalamne. 
similrtrly the TPXH required for the hyiiroxjlation 
of acetanilide could not bo replac^ by HjO, 
generated by glucose oxidaso or n amino acid 
oxidaso (Jfitoma tt al. 1950). Furthemiore, neither 
of these reactions was inhibited by the addition of 
catolosc, indicating that H,0, was not imoh-ed. 
With **0, and H|”0 it has been demonstrated that 
molecular oxygen, but not water, is utilized by the 


Table 2. Cotnpounda hydroxylattd hy the raf*//i'fr miVrcwome preparailon 
in Ihi prtMitec of TP}1, nicotinamide and 0 6*/' 


Colours were dcralopod by spraying paper ebromatograms with the rcagenU dcscnbpd fn Jfethods unless staW other- 
wbe. kiubstrates were added in ethylene glycol monomethyl ether (0 1 ml ) to give the final coneentratjon stated, but 
some of the Icaa soluble compounds acre present partly in suspension. 


Substrate 
Aniline (iO m») 


Acetanilide (2 niM) 


2-h'aphthyIamine (2 Ris<] 


2-AectaRiidonsphthaIene 

(2mM) 

2-NaphthylsuIphamste 

(20 mu) 


2-Ammofloorcne (2inv) 


2-Acetamidotluorene (2 mx) 


Benzene (20 mx) 


Nsphtbalene (20 mx) 


Ilydrozylatrtl metabolite 

o-Arumophenol 

p-Aminophcnol 

p Acctamidophenol 

2 Adiino-O naphthol 

2-Amino-l-naphtliOl (identified 
by furmation of 2*amino-t> 
naphthyl sulphuric acid) 

2 -AccUml<io Snaphthol 

0- Hjdroxy-2-i»phtliyl 
aiilphauiate 

2-Aniino-7-hydroxyfliiorrnc 

2-Amino-7'hydroxyfllJorene 

2.Acetamido.7-hydroxjHuorcnc 

Phenol 

1- Kaphthof 

] .2-Dibydronapbtbalene-I J!- 
diol 


.Method of identlGcation 
Jlexylresorcino! 

2 C Dichloroquinoncchloroimide 

Hexjlresorcinol 

J-Naphthol 

1-N’apbtbol after hydrolysu of 
reaction muluro 
Indopbcnol test on hydrolyawl 
reaction mixture 

IfexyJrcsorcinol 
Vtstotued sulpbanib'c te'iii 
SSCD reagent (acid) 
yNCD reagent (alkaline) 
llcxylrcsoreinol 
p-Pimetbylaminobcnuldcnyde 


Pnxotixed sulpbambc acid 
2 O-Dicbioroqumonechloroimidc 

Hexylresorcinol sfler hydrolysis 

/i-Dimethylaminobcnzaldehyde 

after hydrolysis 
l-Xaphtiiol after hydrolysis 

/»-Ibme(by JajoinobenzaJdebyde 

Nitnte test on reaction mixture 

p-Dimethylaminobenzaldehyde 

Nitrite Ust on reaction mixture 
Diazotucd p-nitroaniline 
Jfitntc test on hydrolysed 
reaction mixture 

1 6 Dichloroquinoneehloroiroide 

test on the reaction maluro 
N*N*CD reagent test on the 
reaction mixture 
Diazotized sulphanilio acid 
Piazotized p-nilroandme 

2 C-Dichloroqumonechloroiaiioo 

Diazotized sulphanilic scid after 
hydrolysis 

Diazotized p-nitroanilme alter 

2 ^Dic^roquinonechloroimido 

after hydrolysis 


•S/ 

Colour 

082 

Msure 

Crey-grwa 

0 7Z 

Bed 

\’iolet 

- 

V’iolet 

- 

Blue 

0 85 

Bed 

Msbts 

Sliarc 

Blue 

056 

ilsure 

Velloif 

080 

Bed 

Blue 

0-21 

Red 

Orange 

_ 

Puce 

0 76 

Orange 

Yellow 

0 76 

Orange 

Ytllow 

0-70 

Blue 

Yellow 


Blue 


Red 

0 97 

Red 

Blue 

Blue 

0 86 

Red 


Blue 



Blue 
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0 35 mM-2-naphthylamme caused only 32% in- 
hibition, BUggesting that it was the substrato itself 
which caused a decrease in activity at concentra- 
tions above 2 nut. 

Hydroxylation of other aromatic compoitnda 

The hydroxylated metabolites identified after 
treating other aromatic compounds with the micro- 
some preparation in the presence of TPN''’, nico- 



Fig 2. EflectofTPN*concentrationontbcrat«ofhjdroxyl- 
ation of 2 ncetamidon&phthaUne ReACtion mixtures 
(3 mU) contaiued I ml. of Rucrosocne pcep&ration. 3 mu* 
(■ O-P, 33 mu-mcotinamide, 2 mit*3*seeUmidon&ph- 
thalene andO 2«*pjTophosphate buffer, pH 7 2,and were 
incubated for 30 min. at 33^ 



Conen of S-acciamldonsphtbatcnc 
or G 6.P (nMj 


f'K* 3- Kffoct of (5 a V and substrate convtM>tr»t»''n cm 
the rale of hydros) Utuiri of U-aortainidon-tpMh^IetM* 
Ilrvurtioii nusturo (3 ml ) containe*! 1 ml «>f iiiieru«>tne 
rrepamtion. 0 2 mM-TI’K, S.*} mu nicotInamj.V aixiO J M- 
bufTvT, and ua* inrulMtot f*»r 

3^1 nun. at 3S*. Q. llydro^jlttion with in 

t»flP coneentrationa in the iwwnco of 2 m»l-2-e<*^t. 
• mldinaphthalcne, •. hjdnixjUtwn with t Ariatinn* in 
2-4r«tamidac\apKtKalrnr e»nr»ntr*t><m 5n the prrwnet* 


tmamide and G 6-P are listed in Table 2. These 
experiments were purely qualitative and the condi- 
tions which produce maximum hydroxylation of 
2-acotainidonaphthalene were employed. 

When the three acetylated ammes acetanilide, 
2-acetomidonaphthalene and 3-acetamidofluorene 
were used as substrates, deacetylation occurred in 
each case, the free amine bemg identified on the 
paper chromatograms. No hydroxy derivatives of 
the deacetylated products, however, were identified 
except 2-ammo-7'hydroxj'fluorene from 2-acot- 
amidofluorene, hut it is uncertain whether tho 
deacetylation or the hydroxylation occurs first. No 
acetylated hydroxy compounds were found in 
experiments in which the free ammes were used as 
substrates. 

The hydroxy compoimds formed from tho acetyl- 
aled ammes acetanilide, 2-acotamidonaphthaIeno 
and 2-ac6tamidofiuOTene were p-acetamidopheuol, 
2-acetamido-6.naphthol and 2-acetamido-7-hydr- 
ox3dluorene respectively, the hydroxylation having 
taken place at the carbon atom which is furthest 
from the ammo group. On tho other hand, the free 
ammes aniline and 2-naphthylammo were oxidized 
to the o-hydroxy derivatives as well. 2-Naphthyl 
sulphamalo appeared to behave in the same way os 
2-acetamidonaphthalene m that hydroxylation 
occurred in the 6*position. 

The metabolites identified from naphthalene 
were 1-naphthol and l:2-dihydronaphthalen©-l!2- 
diol, but 2-naphthol was not seen, and phenol waa 
the only product identified from benzene 

DISCUSSION 

Since Mueller 4: Millet (IDAS) found that a rat-Uvet 
liomogenato required DPN and an oxidizablo sub- 
etmto for tho hydroxylation of 4-dimethylamtno- 
azobenzeno in the4'-po3itiQn,tUoen25imo hydroxyl- 
ntion of several compounds has been reported, all 
llio reactions requiring n reduced phos]fiiopjTidiiio 


iiaphthol IS propcnt in tho microsomee of rat livrr 
ami requires TPNH and oxygen* Apart from the 
buffer system employed tho conditions are similar 
to those dcxcnbwl by Mitoma ef at. (105C) for the 
hydroxylation of ncotainhdo by rabbit-hver micro- 
Boincs. Although tlicao workom rcjiortcHl a maxi- 
mum activity at pll 8 2 for the hydroxylation of 
acotnnilide, whi'rtas the pll optimum fur 2.acot- 
amulonnphtluilDno is 7*2. it would sit-m that the 
same rnrj-mo Bv*3tPin is involved, anil qualitative 
exporinwnls «uli some of t)in sulHtratea umxI by 
Mitoinartof (1050) such os nnihn''. ocetauihdoand 
naphtluilene yielded ps-wnnahy the snme incla- 
Imlates. 
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The metabolism of 2-naphthyla?mno is of particular 
interest bccAuso tho nmino ts knaum to cause 
cancer of tho bladder in man and dogs and tho 
carcinogenic action is undoubtedly duo to a meta- 
bolite excreted in urino. From tho knowledge of 
the beliaviour of the metabolites identified by 
earlier workers ond by Boyland & Monson (1055) 
and Boylnnd, Manson <.b Orr (1057) it was argued 
(Boyland. 1050) that only ono metabolite, 2-anuno- 
1 -naphthyl glucosiduronic acid, should be carcin- 
ogenic. Bladder cancer in mice hits since been 
induced w-ith this glueuronidc (Allen, Bojdand, 
Dukca, Homing Si Watson, 1057). 'Dio preparation 
and properties of this and other 2-amino-naphthyl 
glucosiduronic acid derivatives arc described in this 
paper. 

MATERIALS 

3.Nftp}ith}lamin<‘. 2-a«tamidonaphthal«ic. 2.*«Uninlo- 
l-naphthol snd i-amino-O-naphthol hydroeWende were 
prepared os described by Booth, liojiand S: 5Iai«on{I9W). 
Cslf-splecn P-glucuronidase (Viobln LaboratoriM, 5Ionli- 
cello, III., U.S.A.) ond bacterial ^.glucuronidase (Sigma 
Chemical Co., St liOuu, Mo., U.S.A ) «ere eiBplo>-e«l for 
entymic hydrolyses 


METHODS 

RaU and rabbits were kept in metabolwra cages and urine 
was collected daily. Rabbits were fed on cabbage, bran, rat 
cake and water, and rats on bread, rat cake and aaler. 
2-Napbth)lamine or 2-aeetamidonaphthaIene was in- 
jected intraperitoneally in daily ilovs of 0 5 g. in 10 ml. of 
arachis oil into rabbits and 0 O.'i g. m I ml. of oil into rats 
Paper chromatograph} aas earned nut by upward de- 
\ elopment on Whatman no 1 paper with butanol-propanol- 
aqueoHs0lN.NH,(2.1 1. bysol). Aectamido compounds 
were h} drolysed to amino compounds on the chroroslograms 
by spraying with x HCl and heating for 30 mm. between 
glass plates at 70=. The colour reactions of acetamido- 
naphthyl glucosiduronic acids after hydrolysis under such 
conditions were chsractenstic of the aminoriaphthyl gluco- 
siduronio acids and not of the aminonaphthols. Reagents 
used in this work have been described by Booth etol. (1955). 
2.Ammo-l-naphthol was detected in solution by the green- 
coloured derivative which is formed on addition of ^IIj. 
This derivative is extracted with bcnicne, in which solvent 


• Part 3: Booth & Boyland (1957) 


it Is mauve (Liebcrmann & Jacobson, 1692). AChfomitolit* 
lamp (llanos ia Ltd.) was used as a source of nltrariolet 
light By values and colour reactions of the componnds 
isolated are given In Table 1. By values obtained by 
downward dcvclopiaent In several solvent systems sad 
colour reactions with nilroos acid followed by hexyl- 
rworcmol and with Ehrheh’a reagent have been giren by 
Booth Wo/. (1055). 

results 


Isolation or atucosrotnioNic acms 
Both 2-amino-l-naphthol hydrochloride 
fro© hMo aro toxic (LDy, in mice 25 mg./kg body 
wt.) anil BO unsuitable as sources of 2-ammo- • 
....... .. I.. Tho ftdmmistration 

* in 

' b 


l-nanbthol was therefore used and Ihe 
CToup of tho glucosiduronic ftcld was hydrol)«d by 
dUiito sulphuric Mid. Attempts to isolate 2-81M0* 
l-naphihyl glucosiduronic acid from the i^ 

ratadosod tvith 2.naphthyUmmo wereunsucw^M. 

olthough tho ocid could bo detected m 

by paper chromatography. Small 

amino-0-naphtbyI glucosiduronic 

from tho urine of rabbits dosed with 2-ammo-6 

""2S«LMa.0.n.phtl.ylgluco.W.™|^‘‘J" 
isolated ns its sodium salt from rab i rabbits 
ndminisitrotion of 2-acetamidonnphthalen - ^ 

deacetylata ncctyl ° ^laitudo- 

latively blowly. and w hen dosed 
naphthalene rabbits excrete on y j^either 

of S-omino-l-naphthylsulphuric acid 

2.n8pht»iylsulphamiQ acid htbylghw"' 

glucosiduronic acid. 2-Acetamido- O- P > S 
eiduronio acid was, however, ‘f *®^^/|?;ectioiiof 
urino as the tnacetyl methyl ester a . Action 
2.naphthylamine. Tho 

was obtained by adsorption on charcoal and ^ 

If the charcoal was heated before ‘iso (0^,3 
Billott & Young. 1064) the remo^-ed 

bound ao that only small with 

mth coM or hot methanol, but it (h, 

aqueous phenol (cf. Dalgliesh, 195-1 
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adrenal gland in the 11-^-hydroxylation ofatoroids 
(Hayano, J^indberg, Dorfman, Hancock & Doering, 
1955). Further evidence for the utilization of 
molecular oxygen was provided by the finding that 
the oxygenation of the hydroxyl group which is 
introduced into salicylate by tho model hydroxylase 
ferrous ion, ethylene diaminetetra-acetate, oxygon 
and ascorbate (Brodie, Axelrod, Shore & Uden* 
friend, 1 954) arose from molecular oxygen (Rfason & 
Onoprienko, 1956), and Mason, Fowlka & Paterson 
(1955) have shown that molecular oxygen contri- 
butes directly in phenolase-catalyscd hydroxyl- 
ations of some aromatic compounds. It has m fact 
been suggested (Velick, 1966) that phenolaso may 
provide a model for the TPNH and oxygen- 
requirmg systems, since if molecular ox3^n and 
oxuhzable metallo-cnzymes were involved the 
TPKH would serve to regenerate the reduced and 
active enzyme. Both the hydroxylation of phenyl- 
alanine and acetanilide are inhibited by the ferrous 
lon-complexmg agent, oa'-dipyridyl (Mitoma, 1956; 
Mitomaetol. 1956), whereas tlie 11 ^-hydroxylation 
of ll-deoxycorticosterono is strongly inhibited by 
diethyl dithiocarbamate (Sweat el al 1956), 
suggesting that the enzymic activity in this case is 
associated with a copper complex. 

Although naphthalene la converted into both 1- 
naphthol and l:2*dihydronaphthalene-l-2-diol by 
this system, it seems likely that two different 
enzyme systems having the same location and 
requiring the same coenzyme are responsible for 
these two different types of reactions. l:2-Di- 
hydronaphthalenel:2-diol is readily dehydrated to 
1-naphtholby mineral acid, but when it is incubated 
with the enzyme system no 1-naphthol can bo 
detected, so that 1 2-dihydronaphthaIcne-1.2-dioIi8 
unlikely to be an intermediate between naphthalene 
and l-naphthol, A further study of these two 
reactions may throw some light on the hydroxyl- 
ation mechanism. 

SUMMARY 

1. The enzyme system responsible for tho con- 
version of 2.acetamidonaphthaleno into 2.acet- 
amido-6-naphthol is associated with the micro- 
somes of rat liver and requires reduced triphospho- 
pyndino nucleotide (TPNH) and oxygen 

2. The TPNH can be replaced by triphosplio- 
pyridmo nucleotide, glucose 6.phosphato (G 6-P) 
and G 6-P dehydrogenase, and conditions affectmg 
the rate of hydroxylation of 2-acetamtdonaphtha- 
leno by this sytem have been studied 

3. Tho Byslcm is not specidc for 2-acetamido- 
naphthalcno but will hydroxylate other aromatic 
aminos, N-substitutod aminos and also benzene and 
naphthaleno 
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5.6-dihydro^yiuphtliftleno and a trace of 2-scetain1(lo-0> 
naphthyl glucosiduronic acid Elution with 5% «qoeotta 
phenol rcniopcd theS-acotAmido-G-naphthyigiticoiidiiroiue 
add. 

The charcoal was stirred with hot methanol {total Tol. 3 J.) 
until all tho first series of metabolites were extracted. TTie 
chsKoal was then packed in a column abore a layer of sand 
and treated with 6% aqueous phenol until the glaeo* 
siduromc acids wero eluted, as indicated by paper chromato* 
graphy. The eiuate was eraporated to dryncaa and then 
kept in an eracuated desiccator over sodiom hydroxide 
pellets forSi hr. to remove the residual phenol- Solutionof 
the residue in the minimum of water and the addition of 
several volumes of ethanol gave a hygroscopic precipitate 
g-}' (A aam|do of this preparation was incubated with 
bacterial fi-glucuromdaao in acetate buffer at p(1 0 0 for 
24 hr. at 37®, paper chromatography showed that 2- 
acetamido-fi.naphthol and a little of the presumed 2- 
8cetamido-6.6-dibydro-d:(]-dihydroxynaphthaienfthadbeen 

liberated.} dfter three ecyvtaVtutlans by tolation ia the 
minimum of hot water and addition of hot ethanol sodium 
2-aeelamido-O‘napkihyt glueotiJuronaie (i -0 g.) was obtained 
as nocdlca, m.p. 252-2&4* (decomp.), in 

water (e. 1>021 (Found; C. 4Q-5; If. 6 03j N. 3-2; Na. 68- 
C,»lf«O.NKa.2IftO requires C. ddfldt H, ff-Ij K. 32; Kn, 

5- 3%}. rh« yield sras equiraicnt to 2-3% of lie dose. The 
compound diuolved readily in water, giving a neutral 
solution, and was soluble in methanol and insoluble in 
ethanol. It gave * positive reaction with naphtboreeercino} 
and distotited and coupled only after beating with 2ir*HCI. 
After incubation with bacterial i^-glucuroaidaso at pH 6 0 
(acetate buffer) or pH 7 0(phosphatebuffcf)S'aceUmido-6' 
naphthol was detected by p^per chromatography but 2* 
acetatnido^6 fi'dibydra-fi fi-dibydrotynaphthalene was not 
present. Tb« hydrolysis product was isolated, m p. alone 
and mixed with an authentic specimen of 3-acetamido> 
O-nsphthol, 221-223*. 

Sodium 2-acctamido-G'naphthyl glucosiduronate (04g.) 
on heating for 3 hr at 100* in 6 n-H,SO« (iO ml.) gave 2> 
ammO'6'naphtboi, confirmed by the red colour given on 
diatotiiatioa and coupling with hexyfresorcinol. The 
hydrolysis product was acetyJaCed with acetic anhyrtnde in 
pjndine and the diacetyl derivative, after recrystalliration 
from ethanol, melted at 217-220*. alone and mixed with an' 
authentic specimen of 2-'acetaraido.6.acetovynsphthalene. 
Acidification of an aqueous solution of soiliutn 2-acetaaiido* 

6- naphthyl glucosiduronate gave no crystalline material 
and evaporation of tho solution gave a yellow gum, soloble 
in water and ethanol, which could not bo crystallized. 

p-Tofuidin< Z-iKeiamido 0-nopMA^l glueofidunnatt was 
prepared by the addition of p-toluidme hydrochloride 
(O-l g ) to a solution of the sodium salt (0-1 g.) tn hot water 
(5 ml.). On cooling, needles separated which after re- 
crystallization from water melted at 181-182* (decomp ). 
f«I^ - 72 5® in water (c. 1 02) (Found; C. 82 0; H, 5 7; N. 
5-8 CmH„ 0,N, requires C, 62 0. H.68;N,68%) 

In another experiment charcoal which was not prehe^ed 
was used for adsorption and exhaustively extracted with 
■ ■ rith 2-acet- 

, le portions, 

, «d throi^h 

eluted with 

■ Indoxyb 

sulphuric acid was identified in the methanol fractions. The 


columns were lagged and eluted with hot mribsnol (sbout 
60*) in 600 ml. portions. tJiinary phenols were elated in the 
first threo fractions. Twelve hot methanol wuhingi 
collected; the later washings contained very little 2 

acetamSdo-fi. naphthyl glacoMdDronieacjd.ThehotBielixBaJ 

washings were combined, evaporated almoat to dryness iitd 
the residue was dissolved in water and extract^ aerenl 
times with ether, followed by ethyl acetate. Ethyl scetste 
removes the compound which is thought to be 2-aceUiiudc 
S;6-dihydro-S B-dlhydroxfnsphtba)enf. The tqiieoas Irtc 
tioa was again evaporat^ to dryness and the residae iJu 
solved in the minimum of butanol-propanol -water (2;1:1, 
by vol ) and auflicient Whatman cellulose powder added to 
form a paste. The paste was added to the top of a etiluloM 
column (3<?tfm. xffcm.J prepared with the same «Jrwit 
mixture and was slowly elutk! over B days Coilectioo of 
fractions was guided by paper chromatography. 2-Acet- 
amjdo-0-naphthol,2.acetam}do 5 6-diliydro 5 B^ibydroxy- 
naphthalene, 2-acet4mido-6-naphthyhiaiphanc and, Kt 
unidentified auipburic ester and the glucosiduronic sod 
fraction were successively eiuted from the tolumn. EaiyU'C 
hydrolysre showed that thb last fraction coaUffifd 
the glucosiduronic acids of 2-acetamido-6-oaphthol and 
2-acetainido-6 6-dihydro-3 fi-dihydroxynsphthsiene, tnt 
mainfy the former compound. The gfoeosidoromo leid 
fractions were combined and evsporslad to drywa*. 
residue dissolved In tho lainimum of bet water and hot 
ethanol added until the solution was )ust tlcudy. Oneeeling, 
rosettes of needles (3Dg) were formed, which after ro 
crystaUitation gave aodiiuu 2-aeetaiaido-6-nsplithyl gl»w* 
eidiiroiiat«(l-6g.)mp 252-254*. AfuHbet I-Og oflew 
pure material was obtained from the mother l«qa«» 
another l-O g, by elution of the ebateoa! with 
phenol. Attempts to irolate 2-awUinido-5 6-dihyd» 5 # 
tfihydroxynaphtbalens glucosidoronio acid by tlwsatc* 
graphy of the mother liquore or by fracUotialttjatallitatioa 
of the triaeetyl methyl esters were not aucceaafid- 

(h) As the p.toluU»ne soft. Xlriaefrom rabbits dosed wt# 
g-acetamldonsphthslene (14 g.) was passed * 

column of charcoal. The column was washed with wa > 
with cold methanol which tinted reUtively little 0 
clucuronide, and finally with aqueous phenol. Th*P 


icdwith 

a char 

coal eoiumn (ISOg , not 

■ ' . ,ndthen 

• ' ' , al in’® 

' ’ , osted to 

* , iiccstot. 

treated 

idth an ethereal solution of diazomethsne 
nitrosomethylurea} and kept overnight at 5 . . , mpyti. 

and concentration snvocuolhe residue was was 

dine{l0 ml )and acetic anhydride (10 J * nrecipitat* 
kept overnight and poured into water, and P 
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Table 1. Hf ralufa and colour reactions of 2-amino- ami 2*acefa»nwIo*naphtliyI glitcoaiduroatc ocwis 
Conditions of hydrolysis are descnbed in the text. 


CJompound 

Rf in butanol- 
propanol- 
0 Ik-NHj 
( 2:1*1, by \oI ) 

Fluorescence 

Colours with diazotized sulphamlic acid 

Before hydrolysis After hydrolysis 


’ 0*22 

Blue-white 

Pale yellow 

Pale yellow 


025 

Xono 

None 

Pale yellow 


015 

Blue-whito 

Orange-red 

Orange^red 


020 

None 

None 

Orange-red 


charcoal was not heated, cold methanol eUiterl only 
a little of the glucosiduronic acid; hot methanol 
removed more, but aqueous phenol was still 
necessary for complete elution. The glucosiduronic 
acid froctions contained 2-Qcetamido-6-naphthyl 
glucosiduronic acid, with small amounts of what is 
probably 2-acetamido-6:6-dihydro-5:6-dihydro3cy- 
naphthalene glucosiduronic acid. Evidence for the 
presence of the latter conjugate is discussed below. 

2-Acetatnido-l-riaphlhyl glucosiduronic aetd 
S-Acetaniido-l-naphthol (Q 3 g in W ml of attwhv^ oil) 
was administered daily for 3 days to each of five rabbits 
(total dose 4 6 g.). The urine was adjusted to pfl 4 0-5 0 
with acetic acid and a saturated solution of lead acetate 
added. After removal of the precipitate by centrifuging, 
the Supernatant was adjusted to pH 8 0 with aq NH,{8p gr. 
0 88) and a saturated solution of basic lead acetate added 
until precipitation was complete The precipitate was 


•r. lutuo. v>u liooiuig, plates ot ‘2-acttamido-l-naphthgl 
glueostiurmie add were deposited, which after crystalliza- 
tion from water had m p 194-197*. («]? + 2 4* in ethanol 
(e, 8 7) (Found* neutralization equivalent, 408, C, 52 4, 
52 2, H, 6 8, 6 8; N, 3 4, 3 6%. C„K„0,N,2H,0 requires 
neutralization equivalent 413; C, 62 2} II, 6 6, N, 3 4%). 
On heating With 5K-HClfor 15 min. a compound was formed 
which aljCT diazotization could be coupled with hexyl- 


01 1'b g ot the compound was isolated, equivalent to 16% 
of the dose The urine collected for a further 2 days yielded 
only a few milligrams of the glucoaiduroTiic acid. 

Examination of the untreated urine by paper chromato- 
graphy showed that free 2-acetamido-l-naphtho1 and 
traces of 2.amino-l.naphthylsulphuno acid and 2-amino-I- 
naphlhyl glucosiduronic acid were present, but no fi-acet- 
atnido-l-naphthylsulphunc acid could be detected. 

2-/lmi»io-l-»iapAfhi/I glueosiduromc acid 
2.Acetainido-l-naphthyl glucosiduronic acid (1 0 g.) was 
heated on a water bath with 0 Oh-HjSO^ (15 ml )for30 min., 
and the solution was treated with a small amount of char- 
coal, filtered and kept at room temperature overnight. 
Unchanged acctamldo derivative (0 5 g ) separated and was 
filtered off; the filtrate was adjusted to pH 4 0 and erapir- 
ated m a vacuum desiccator until brown crystals began to 


appear. The solution was cooled to 5® overnight and tho 
pixMluct hltercd off. Recrystallization from water yielded 
small riMettes of prisms (lOUnig, 11%) of 2-flmi7K)-l- 
naphlkyl glueoudurontc acid, in.p. 178-180° (decomp.), 
lalg - 155° in 0-1 N-lICl (c. 0 175) (Found : C. 34 4 , H. 5 8 ; 

4 3, 4-2. Ci*HjjO,N,H|0 requires C, 54 4; If, 5 4; N, 
4 0%) The compound was soluble in water and readily 
soluble in ethanol. After hydrolysis by calf-spleen P- 
glucuronidase, J-amino-l-naphthol was detected by the 
colour produced on shaking with aq XHj. 

The acid hydrolysis gave some 2-acetamido-l-naphthol 
and fur this reason the hydrolysis time wasltmited to 30 mm. 
A guide to the optimum time of hydrolysis was obtained by 
examining samples by paper chromatography at intervals. 
Hydrolysis of the glucosiduronic acid linkage was slower 
than that of the aeetamido group. Attempted hydrolysis 
with 2H-!!tS0| or 0 2 k-HC 1 caused blackening and 2 k- 
NaOH gave a red gum from which no 2-ammo-l-naphthyl 
glucosiduronic acid could be isolated. 

2‘Am%no-6-naphthyl glueosiduronio aetd 

Each of five rabbits received 2-ammo-6-napbthol hydro- 
chloride (045g.), neutralized )ust before injection, for 
4 days (total dose 7 2 g. of 2.amino-C-naphthol). The 
glucosiduronic acid fraction was separated by the lead 
acetate method and dissolved in the minimum of water, and 
the solution adjusted to pH 5 0. On cooling to 6° crystals of 
S-amino-G-napfUki/l glucosiduronic aetd separated after 
2 days Recrystallization by solution m s-IICl and adjust- 
ment of the pH to 5 0 yielded 0 06 g (0 4% of theory), 
[«!” -76 8*in0 1 m-HC1(c, 0 625) Thecompound blackened 
and sintered at 250° (Found: C, 54 2; H, 5 55, N, 4 0. 
C„H„0,N,H,0 requires C, 544; H. 5-4, N, 4 0%) Paper 
chromatography showed that the mother liquors contained 
theacetamidodenvative in addition to theammocompound. 

2~Acelamido-6-napkthgl glucosiduronic acid 

(a) As ike sodium salt, 2-AcetamidonaphtbaIene was 
given daily to each of six rabbits for 7 dayrs (total dose 
16 8 g.). TTie collected urine was filtered (Ford’s clarifying 
pad, grade F.C.B ) and adjusted to pH 7 0. Each day’s 
urine was stirred for 0 5 hr. xnth about 50 g. of charcoal 
(Bntuh Drug Houses Ltd. activated charcoal, heated 
at 150° for about 0 5 hr. and cooled) and filtered The 
almost colourless filtrate contained no detectable meta- 
boUtca of 2-acetamidonaphthalene, but still gave a strong 
naphthoresorcinol reaction. 

Preluninary eipenmentx showed that elution of the 
charcoal with water or aq 0 1 n-NH» did not remove 
metabolites but that elution with hot methanol removed 
2-acetamido.6.naphlhol, 2-acctamido.6.naphthyl5ulphiinc 
acid,a compound considered to be 2 acctomulu.5.6.dihydro. 
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0.6-Oihydroxynaphthaleno and a trace of 2*acetamiili>-0> 
naphthyl glucosiduronic acid. Elution with 6% aqueoui 
phenol reraovod the 2'acctan)ido-6 naphthyl glucoaidoitmio 
acid. 

The charcoal wat stirred with hot methanol (total vol. 3 1.) 
until all the first series of metaEMlitea were extracted. The 
charcoal was then packed in a column above a layer of sand 
and treated with S% aqueous phenol until the gluco> 
siduronio acids were eluted, as indicated by paper ehromato. 
graphy. The eluate was evaporated to dryness and then 
kept in an evacuated desiccator over sodium hydroxide 
pellets for 24 hr. to remove the residual phenol. Solution of 
the residue in the minimum of water and the addition of 
several volumes of ethanol gave a hygroKoph precipitate 
(4 g.). (A sample of this preparation was incubated with 
bacterial ^-glucuronidase in acetate buOTer at pit 00 for 
24 hr. at 37”: paper chromatography showed that 2* 
acetamido-Q-naphtbol and a little of the presumed 2' 
Bcetamido-£:0-dihydro-5.6 dihydroxynaphthalene had been 
liberated.) After throe crystaliixations by solution in the 
minimum of hot water and addition of hot ethanol sodium 
3-(iermmido-C nopAtAylfflueosiduroaore (1 0 g-) wasobtalneit 
as needles, in.p. 252-254® (decomp.). t*]® -784* in 
water (e, 1 02] (Found: C, 40 5; H. 5 05: N. 3-2; Na. 6-8. 
C„H„0,NNa.2HtO requires C, 40 CSj II. S-lj N. 3 2: Na. 
6 3%). The yield was equivalent to 2-5% of the dose. The 
compound dissolved re^ily In water, giving a neutral 
solution, and was soluble in methanol and insoluble in 
ethanol. It gave a positive reaction with naphthoresoreinol 
and duxotized and coupled only after heating with SirdlCI. 
After InculatioQ with bsetcrul ^-’glueuRHilJase at pllfiO 
(ocetato buTer) or pH 7*0 (phosphate bu[rer)2*acetafflido 6. 
naphthol was detected by paper chromatography but 2- 
acetamido-6 0-dihydro-5.6-dthydrozynaphthai<ne was not 
present. The hydrolysis product was isolated, m.p. atooe 
and mixed with an authentio specimen of 3-acetanido> 
fl-naphthol, 221-223*. 


diazotizatioa and coupling with hoxylresorcinol. 'I'he 
hydrolysis product was acetyJated with acetic anhydride In 
pyridine and the diacetyl derivative, after recryslallizatlon 
from ethanol, melted at 217-220’, alone and mixed with an' 
authentio specimen of 2 -acctsmido- 6 -acetosynaphlhalene. 
Acidification of an aqueous solution of sodium 2-acctamido- 
0-naphthyl glucosiduronate gave no crystalline material 
and evaporation of the solution gave a yellow gum. aoIuWe 
in water and ethanol, which could not be crystallized. 

p-ToIuid«n< 2-oc«tomido-6-nopArhyl fflueo«!Juramj/e was 
prepared by the addition of p toluidme hydrochloride 


columns were lagged and eluted with hot mttbsnoj (iboal 
80*) in 500 ml. portions. Cnnaty phenols were eluted in the 
first three fractions. Twelve hot methanol washings were 
collected: the later washings contained very Lttle ^ 

acetamido-fl-naphthylglucosiduronicacidThebotoethanoI 

washings were combined, evaporated almost to drynewand 
the residue was dissolved m water and extracted Kvenl 
times with ether, followed by ethyl acetate. Ethyl acetate 
removes the compound which is thought to be 2-acetaffljda- 
ftO-dihydro-S fi-dihydroxynaphthalene. The aqueous fric- 
tion was again ovaporat^ to dryness and the residue dis- 
solved in the minimum of butanol-propaool-water (2:1:1, 
by vol } and sulTicient Whatman cellulose powder added to 
form a paste. The paste was added to the top of a cellulose 
column (30 cm. x Q cm.) prepared with the same solvent 
mixture and was alowly eluW over 6 days. Collection of 
fractions was guided by paper chromatography. 2-Acet 
amido Q.naphthoI,2-acetainido-6 6-dihydro-S S-^ydrozy- 
naphthalrne, 2 acetamido fi-naphtbylsulphuric acid, an 
unidentified sulphurie ester and the glucosiduronic acid 
fraction were successively eluted from the column. Enzymic 
hydrolyses showed that this last fraction contained 
the glucosiduronio acids of 2 acetamido-6-nsphthol and 
2-acetanudo-6 6-dihydro-5 fi-dihydroxynaphthalene, but 
mainly the former compound. The glucosiduronic atid 
fraetiona wer® combined and evaporated to dryness, the 
residue diaeolred in the minlroom of hot water and icf 
ethanol added until the solution was just cloudy. Oawohng. 
rosettes of needles (3 6g) were formed, which aftet n- 
cryetallizatioD gave eodiuo 2-»cetaiaido-8-naphthyl gloco- 
riduronsto (1-5 g.) m.p. 252-254*. A further I-Og o'‘“ 
pore matenal was obtained from the mother liquors ind 
another 1 Og. by elution of the charcoal vnth 


el'ucuronide, and finally with aqueous phenol. 

. Prr- 

. . . . ■ * ^ 

... ' 'Iiuf 

* ' ' ' I IP ' 

• ’ II* ' ^ 

MA th« m n of the derivative |jiep<ni“ • ■ 


- 72 6® in water (c. 1-02) (Founds C, 62 0: If, 5 7; N. 
- « - --r- en n tr K Bi V K no/» 

■■ If • I 


amidonaphthaleno (28 g.) was divided into five portions, 
each approximately 2 h, which were each passed through 
columns of charcoal (260 g ). The columns were eluted with 
water (2!.) and cold methanol (3x500 ml). Indoi^l- 
sulphune acid was identified in the methanol fractions. The 
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collected. After two crystalbiatioiw from aqueou*' ethanol 


C„H„OaN requires 0, 5S 0, H. 5-3; N. 2 7 %). Although the 
original crude solid appeared to contain 2-acelanildo-5 tt- 
dihydro-5.6-dihydrosy naphthalene glucosiduronic acid no 
crystalline triacetyl methyl ester of this could be isolated. 

Isolation oj fillantoin 

The first and second cold methanol cluatea from chaKOal 
columns (see p 277) were combined and the solution was 
concentrated to 30 ml. On cooling, prisms (I 5 g. from 10 1. 

, of urine) separated, m.p after three crystallizations from 
water 234-236® (decomp.), alone and mixed with an 
authentic specimen of allantoin (Found. K, 35 6. Calc, for 
CjH.OjN,: N, 35-4%) The compound had an f?, of 0 1 
in butanol-propanol-0 1 n-NH|, identical with tliat of 
allantoin. The spot gave a yellow colour vith Ehrlich's 
reagent and a green colour with sodium hypochlorite (5% in 
water) after spraying with phenol (5 % in 95% ethanol) On 
heatmg cither the isolated substance or the authentic 
allantoin in Sn-HCI with naphthoreaorcmol «t gave a 
cherry.red colour, extractable by ether. Asher (1910) 
descnbedthla colour reactionof allantoin and theadsorption 
of allantoin by charcoal. Comer & Young (1955) described 
the formation of a reddish purple colour froman unidentified 
constituent with naphthoresoremol during theestimation of 
glucuronic acid in rat unne, but the colour did not interfere 
with the estimations. U is possible that allantoin was a 

.fM - . • 


r?ie O-glucosiduromc aadi/ormtd in the 
mefaboUam oj ^-naphthylamine 
After rats and rabbits had been dosed with 2, 
naphthylamine the urine of each species was 
examinedby paper chromatography for the presence 
of glucosiduronic acids, 2-Amino-l-naphthylgluco- 
siduronic acid was detected in the urine of both 
species, but was more abundant in that of the rat. 
Rat urine (2 ml ), diluted with an equal volume of 
0 2ji-acetat6 buffer (pH 4-6), was incubated with 
calf-spleen ^'glucuronidase at 37® for 2 days 
2-Amino-l-naphthol was liberated and identified by 
the ammoniar-benzene test. A control unne sample 
gave no colour reaction to this test. A fraction 
containing the compound could be obtained by 
precipitation of the urine of rats or rabbits by basic 
lead acetate. 

2-Ainmo-O'naphthyl glucosiduronic acid was 
delected in rat urine but not m rabbit unne. The 
compound was precipitated from rat unne bj' basic 
lead acetate After decomposition of the lead salt 
by hydrogen sulphide a sample of the glucosiduronic 
acid fraction so obtained gave 2-ammo-6'naphthol 
On incubation with calf-spleen ^'glucuronidaso. 
Rabbit urine, but not rat urine, contained a com- 
pound (R, 0 2) which was non-fluorescent and 
which was not cliarotizable until after treatment 


1957 

with acid at 70®. It corresponded in its reactions to 
2-acetamido-6-nophthyl glucosiduronic acid. Paper 
chromatography of the urine after it had been 
heated for 16 min, with an equal volume of 6 n. 
hydrochloric acid gave a new spot which corre- 
sponded in Ry and colour reactions to 2-amino-6. 
naphthyl glucosiduronic acid. Although only one 
glucosiduronic acid appeared on hydrolysis there 
ate two possibilities for the structure of ita pre- 
cursor. Both 2-Bcetamido-6-naphthyI glucosid- 
uromc acid and 2-ocetomido-5'6-dihydro-6:6-di- 
hydroxynaphthaleno glucosiduronic acid would 
give the ammo compound on acid treatment. The 
glucosiduronic acid fraction of rabbit urme (60 ml.) 
was prepared by precipitation with basic lead 
acetate. After decomposition of the lead salt by 
hydrogen eulphido excess of the latter was removed 
by a current of air. The solution was adjusted to 
pH 6 5 and continuously' extracted with ether for 
18 hr and then evaporated to 5 ml. in a desiccator 
at room temperature. After dilution with an equal 
volume of acetate buffer (pH 6-0) a sample of the 
solution was incubated with bacterial ^-gJuc- 
uronidase. Paper chromatography showed that two 
new spots were present. One corresponded to 
2-acetamido-6-naphihol m By (0 92) and colour 
reactions. The other spot (ft, 0-81) was not fluoc. 
escent, did not react with diazotized sulphamliQ 
acid, could not be diazotized and coupled with 
heicylresorcmol, but after treatment with acid at 
70*^ the material m the spot could be diazotized 
(green colour with nitrous acid) and coupled witli 
hexylresorcmol (red colour), and coupled with 
diazotized sulphamhc acid (mauve colour)-~re. 
actions identical with those of 2-amino-6-naphthol. 

The material obtained by enzymic hydrolysis 
was also examined by tivo-dimensional chromato- 
graphy, developing first with butanol-propanol- 
O'In-NHj. then treatmg with acid at 70®, drying, 
and developing in the second direction with 
butanol-acetic acid-water (2il:l, by vol). Two 
spots corresponding in K, and colour reactions to 
2-anuno.6-naphthol were present after the second 
development, one derived from the 2-acelamido-6- 
naphthol spot and the other from that of the un- 
known compound. The properties of this latter 
compoimd could be accounted for by the hydro- 
lysis and dehydration of 2-acetaraido-5:6-dihydro- 
5*6-dihydroxynaplithalene. Acid -catalysed dehydra- 
tion of cyclic dihydrodiols usually proceeds so 
that a hydroxyl group remains on the position 
which IS normally attacked by electrophilic re- 
agents (Badger, 1040). For example 3:4-dihj'dro- 
3;4-diliydroxychlorobenzene yields ^-hydroxy- 
chlorobenzene (Smith. Spencer & Williams. 1950) 
and li2*dihydro-l:2-dihydroxynaphthnleno gives 1 - 
naphthol (Young. 1947), although some 2-naphthol 
is also formed (Boyland A; Sims. 1953) In tlio cose 
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under consideration 2-acelamido.0.nftphtli6l uould 
probably bo the major product {yielding the amino 
compound by simultaneoua hydrolj-aia). Tho ploco* 
siduronic ocid spot with H, 0-2 theroforo reprraontfl 
a mixture of 2*acetamido-C.nBphlhyl glucosid' 
iironie acid and 2‘acotftmklo-5:C-dibytJro.5:0*di* 

hydfoxynnphtlialone glucosiduronio nchl. 2*Acct* 
amido-l. naphthyl glucoaidnronie acid wna not 
iletoctcd in cither rat or rnhliit urines after injection 
of 2-naphthylamine or 2>ftcclamidonaphthn1cnc. 
In support of this 2*ncolftmido-l-naphlhol woa not 
detected by paper cliromatography after the 
enzymic hjdroljais of any of tho glueuronido 
fractions, 

DISCUSSION 

Two A'-glucoeiduronicacjd derivatives (3*nAphthyl* 
amine A’*gIuposiduron:c ocid and 2-aminO'l-naph- 
thyisidphuneacid A’-glucosiduronicaciilj have Ikvii 
described as metclKilites of 2.naphthylnmino by 
Uoyland al (1957). Kour (3*gtucosiduroni<* oehl 
denvsttvea arc now described (thfco of which arc 
metabolites of 2-nQphthylamino) and evidenco is 
given for tho presence of n fourth O^giucoaidurome 
ncid nietftbohto. It hoa been argued (Uoyland, I956J 
that only 2-amino*l'nnphthyI gUicosiduTonic acid 
should bo carcinogenic becauw tho urinary 
glucuromdaso uouid tiberate 2*am{no>l>naphthol 
from this. Denser, Bradshaw. Clayson A dull (1950) 
have shown that 2*aniuiod<nophthol is corcino* 
gcnic xvhen introduced tntn tho bladders of mico. 
Using a similar tcchnifiuo Alien « o/. (1957) have 
shoivn that 2-nminod -naphthyl glucosiduronic 
acid induces bladder cancer in mico but that other 
metabolites, including 2-naphthylflu!phan»c ocid, 
2-naphthylainino A'-glucosiduronic acid, 2-nmino- 
6-naphthol and 2-acetoriiido-C-naphthoI. aro in- 
active. Tlio other three of tho glucosiduronio acid 
derivatives which hovo been isolated nro now being 
testcil for carcinogenic activity. 

Tho occurrence of 2-amino*l-naphthj'l gUico- 
sidunmic acid m urine of rata dosed nith 2-naph- 
thylarnine is difficult to rcconedo with the fact tlu»t 
rats do not develop bladder cancer when dosed with 
2-naphthylamine, although rat urmo contains 
much more ^-glucuronidase thon does human nnne 
(D. C. Williams, personal communication). Tlie /?• 
gUicuronidase should liberate the carcinogenic 2- 
amino-l-nflphthol «hen tho urmoofralsdoswl with 
2-naphthylanun6 is allowed to stand 3t is not 
liberated unless ^-glucuronidase is added to this 
urmo. This apparent anomaly is being invest jgfllod. 

STJJIMARY 

1 2-Acetamido-I-naphthyI glucosidwronic acid 
was isolated from the unno of rabbits dosed with 
2-acetam»do-l-naphthol. 

2 The carcinogenic 2-amino-I-naphthyl gineo' 


suluronic acid was prepared by hydrolysis of 2 - 
ftcctamido-l-naphthyl glucosidufonic acid. 

3. 2-Amino.O'naphthy! glucosiduronic acid was 
isolated from tho urmo of rabbita dosed with 2- 
amino-d-naphthol. 

4. 2-Acetnmido-C.nflphthyl glucosiduronic acid 
was isolated an the sodium and p-toluidine salts 
from the urine of robbits dosed with 2-acetamidO' 
naphthalene and as methjl (2-8cctamitlo B-nsph- 
thjl tri-(?-acet>lgluco‘iid)«ronalefrom the urme of 
rabbits dosed with 2-nflphthyIamine. 

5. Evidenco » presented that a glucosiduronic 
acid of 2'neetainido-5.6-dih>dro-5 6-i]ihj'droi>-- 
nnphlliateiie is excreted when rabbits are dos^ 
with 2-nnphthylamino or 2-acctamidonsphthalene. 

0. Urine from mis and rabbits injected with 
2-naphthyln>nine has biHm examinetl by jwper 
chromatography. Rata and rabbits excrete 2- 
nimno-I-nophthyl glucosiduronic acid Rabbits 
excrete 2 -acrtamido- 6 -nBphtbylgluco 8 idurcimeecid. 
but this compound viis not detected in rat urine. 
Hats excrete 2-timino-6-n8phthyl glucosiduronie 
ocid, but rabbits do not. 2'Acct8mido-l-nBphthjl 
glucosiduronic acid was rot detected in the urioeol 
cither species. 

7. Aliantom (uhich gives a red colour with the 
naphthorworcinol roitgenfs) was isolated bj 
adsorption on charcoal ond elution with methanoL 
The sutlior* wi«l» to tbsnk Miss 3f. Bigg* for t«haical 
BMisleaM. Thu inveitigation has been lupjwrted by peats 
to the {.lirslcr Beattv R«carch Iiatitute {liuWate of 
Cancer ItMearch- Royal Cancer Uospital) from theBntab 
Empire Canwr Cam|>a>gn. the Jane Coffin Childs Meiaoiw 
Fund, the Anna Fuiicr Fund, and the XationsJ 
Institute of the National ]n.-«titutes of Health. U.S Puhafi 
Health ttemcc. 
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collected. After two crj-stalUzations froDt Aqueous ethanol 
methyl {2-acelamido-G-naphJkyl Iri-0-aee{ylglueosid)uronate 
was obtained asneedlw (O’T g.), w.p. 205—200% — 2S’0* 

in ethanol {c, OSS) (Foimdj C, 58'1; H, 60; Jf, 2**. 
C„HpOj,N requires C, 58 0; H, 5 3 ; N, 2-7 %). Although the 
original crude solid appeared to contain S-acetainido-S 6- 
dihjdro-5 6-dihydroxj naphthalene glucosiduronic aeid no 
crj'stalline triacetyl methyl ester of this could be isolated 

Isolation oj allantoin 

Tlie first and second cold methanol eluates from charcoal 
columns (see p 277) were combined and the solution was 
concentrated to 30 ml On cooling, prisms (1*5 g. from 101 
of urine) separated, m p after three crystalhzatiODS from 
water 234-236® (decomp.), alone and mixed with an 
authentic specimen of allantoin (Found i K, 35 6. 0»lc for 
0*11,0, Xv N, 35'4%). The compound had an of 0 1 
in butanol-propanol-^ lu-KH,, identical with that of 
allantom. The spot gave a jellow colour with Ehrlich's 
reagent and a green colour with sodium hypochlorite (5% in 
water) after spraying with phenol (5% in 95% ethanol). On 
heating either the isolated substance or the authentic 
allantom in 6N-IIC1 with naphthoresorcwol it gave a 
cherry-red colour, extractable by ether Asher (1910) 
described this colour reaction of allantoin and the adsorption 
of allantom by charcoal. Comer & Vouog (1955) desenbed 
theformation of a reddish purple colour from anunidentified 
constituent with naphthoresorcmol dunng the estimation of 
glucuronic acid in rat urine, tut the colour did not interfere 
«ith the estimations. It is possible that allantom was a 


The 0-glucosiduronh addsjormed in the 
mtiaboUsm of i-nophthylamine 
After rats and rabbits bad been dosed with 2* 
naphlbylamine tho urine of each spocica was 
examined by pnper chromatography fortho presence 
of glucosiduronic acids. 2-Amino-V -naphthyl gluco- 
stduronic acid uaa deteeWd in tho urine of both 
epccin, but was more abundant in that of tho rat. 
IXftt iirino (2 ml ), diluted with on equal volumo of 
0 2M-acctatc buffer (pH 4*6), was incubated with 
calf-spleen ^-glucuronidoso ot 37“ for 2 days. 
2-Ammo-l-nnphthol was liberated and identinod by 
the ammonin-benteno test. A control unne sample 
peso no colour reaction to this test. A fraction 
containinc tho compound could lie obtaineil by 
precipitation of the unne of rats or rabbits by Imsic 
icml ncftato. 

2'Amino-6-nnphthyl glucosiduronic achl was 
delectcil in mt urine but not in rabbit unne The 
compound was pireipilaleil froni rat urine by Ismic 
Imd aretnln. After divoinposition of the Icml salt 
by hy drogen sulphidi* a sample of iheghicnsidiironic 
acid fraction so obtaincsl gave 2-nmmO'6 nnphlliol 
on incultation with ralfBpli''’n ^ gliicumnidase 
Itahblt urine, hut not rat urine, contained a com- 
pound (1?^ I>2) which was non flimrcsecnt and 
which was not dinrotirahli' until after fr»-*Ht«ent 


with acid at 70®. It corresponded in its reactions to 
2-acetamido-6-napht,hyI glucosiduronic acid. Paper 
chromatography of the urine after it had been 
heated for 16 min. with an equal volume of 6 n- 
hydrochloric acid gave a new spot which corre- 
sponded m Rf and colour reactions to 2-amino-8- 
naphthyl glucosiduronic acid. Although only one 
glucosiduronic acid appeared on hydrolysis there 
are two possibilities for the structure of its pre- 
cursor. Both 2-acetamido-6-naphthyl glucosid- 
iirontc acid and 2-acetainido-5;6-dihydro-5:6-di- 
hydfoxynaphthalene glucosiduronic acid would 
give the ammo compound on acid treatment The 
glucosiduronic acid fraction of rabbit urine (50 ml.) 
was prepared by precipitation with basic lead 
acetate. After decomposition of the lead salt by 
hydrogen sulphide excess of the latter was removed 
by a current of air. The solution was adjusted to 
pH 6-5 and contmuously extracted with ether for 
18 hr. and then evaporated to 5 ml. in a desiccator 
at room temperature. After dilution with an equal 
volume of acetate buffer (pH 6-0) o sample of the 
solution was incubated with bacterial ^-gluc« 
uronidaso Paper chromatography showed that two 
new spots were present. One corresponded to 
2-acetamjdo-6-nophthol m (0'92) and colour 
reactions. The other spot (ft, 0 81) was not fluor- 
escent, did not react with diazotized sulphantlic 
acid, could not be diszotized and coupled with 
hexylrcsorcinol, but after treatment with acid at 
70® the material in the spot could be diazotizcd 
(green colour with nitrous acid) and coupled with 
hexylresofcinol (rod colour), and coupled with 
diazotized eulpbanihe acid (mauve colour)— re- 
actions identical with those of 2-amifio-6-naphthol. 

The material obtained by enzymic hydrolysis 
was also examined by two-dimcnaional chromato- 
graphy, developing first with butanol-propanol- 
0 In-NH,, then treating with acid at 70®, drying, 
and developing m tho aocond direction with 
butanol-acetjc ocid-watcr (2.1:1, by vol.) Two 
epots corresponding in ft, and colour reactions to 
2'ainmo.G.naphthol wero present after tho aocond 
development, one derivcfl from tho 2-ace{omido-C- 
naphthol spot and tlio other from that of the un- 
knouTi compound Tho propcrtii*s of this latter 
compound could bo accountoil for by the hytlro- 
Ijais and ilchydration of 2-ftpetanudo-5.6-«Uhydro- 
5 6-<hhy<box^7wphthnleno. Acnl-catol>s<yldeliydm- 
lion of c>clic (lihydrodiols usually procoiyU ao 
that a hydnixjl group n-mnias on tho position 
wliirh IS normally attockixl by electrophilic re- 
agents (lliulger, 1949). For example 3:4.ilihyilr(>- 
3:4 -diliydrax^chlorolicnzeiu’ yiehU 4 -hyilroxy- 
chlomlienzene (Smith, .Spenrer A tV’ilhnms, 1950) 
and l:2-<lihydro.l;2-<hhjdn>x>'nnphtlmlenogiviw 1- 
naphthol (Voimg, 1047), although som** 2 naphthnl 
isaloi forto«-<l (Itoylan'i A Sim», 1 9-’ 3). Jn the rn««» 
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after the urines ha<l been heated with acid, and 
Sato et ol. (1956) found that the incubation of 1:2* 
dihydroxjTiaphthalene and ”S-labelIod sulphate 
with liver slices also yielded the new metatolite. 
All the above workers found that the metabolite 
was also produced when rats were treated with 
trfl«s-l:2-dihydronaphthalene-l:2-diol. Comer & 
Young (1954) showed that the now metabolite, 
which must be either 2*hydroxy-l-naphthyl sul- 
pliate or l-hydroxy-2'nophthyl sulphate, was also 
present m the urine of guinea pigs, mice and rabbits 
dosed with naphthalene and they detected freo 
l:2-dihydroxynaphthalene in the guinea-pig urine. 

The present nork describes the isolation of 2- 
hydroxy-l-naphthyl sulphate from the urine of 
rabbits dosed with naphthalene, which was identical 
with the sj-nthetie ester prepared by the Elbs 
persulphate oxidation of 2-naphthol. Desai & 
Sethna (1951) isolated l:2-dihydroxynaphthalene 
from this oxidation. 


The potassium salt (’g) was dissolred in SsXiOH 
(10 ml.) and ethanol (50 jnl.) was added. The solution vu 
warmed for a few minutes and cooled to 0®, when a aubsUnce 
which appeared to bo the disodium salt of 2-hj-droiy 1 
naphthyl sulphate separated, whwh formed silky Lwdla 
from aqueous ethanol. This substance was hygroscopic anil 
proT«l unsuitable for analysis. A concentrated aqneoua 
solution of the salt was therefore acidified to pH 2 with 
cone, HCI, when sodium 2-hydroxt/-l’napUh^l ivifiaU 
separated. From methanol-ether It formed plates (Found. 
C, 45 6; H. 2 9; S. 11 7; Na. 9 0 C„H,OjSNa requires C. 
45 S; H, 2 7; S, 12 2; Xa, 8 8%) The sodium salt wu 
hydrolysed with 5X-EC1 and the product was punfied u 
hefoT© to yield l:2-dihydToxynaphthalene, m p. and mued 
in p. I 00 - 101 ^ 

Propertits of 2-hydroxy-l‘napfUhyl sulphale on pnptr 
chronuiloyramj. On descending chromatograms on IVhst- 
man no. 1 chromatography papers, the ester had OtS 
when the papers were develops with n-butanol saturated 
with 2x-XH, soln., Rf 0-45 with the organic phase of a 
mixture of n-butanol-ethanol-water (17.3.20. by roL) 


EXPERtSIENTAL 

liS-Dthydroxynaphlhalene. This was prepared by the 
reduction of l:2*naphtbaquinone with sodium dithionito by 
the method of Fieser & Ficaer (1939). The crude product was 
puriSed by dutiUation in a microsublimation apparatus 
(180° at 12 mm.), to yield l:2-dihydros7TiapbtbaleDe in 
yellcrwuh needles, m.p 102°. The diaeoUte separated from 
ethanol is prisms, m.p. 109° (Found. C,6S 8; H, 5-2 Calc, 
for CwH„Ov C, 68-8; H, 4 95%). Fieser & Peters (1931) 
recorded m.p> 109 5° for this compound. 

P0l<unum and todium S-hydroxy-l-napfUhyl tuIphaU. 
2.IfaphthoI (10 g ) and KOH (10 g.) m water (100 ml.) were 
cooled to 0° and a saturated aqueous solution of K^tO« 
(20 g.) was added during 8 hr. with continuous stirnog The 
mixture was kept overnight at room temperature, the dark 
solid was filtered off and discarded, and the filtrate waa 
adjusted to pH 4 with acetic acid. The solution was washed 
with ether (3 x 100 ml.) to remove unchanged 2-aaphthol, 
and passed through a bed of charcoal (lOOg.. activated, 
British Drug Houses Ltd ) supported in a glass chromato- 
graphy tube The bed was wash^ with water (2 1.) to remove 
inorganic sulphate, with aqueous 2 k-NH| soln. (I I.), which 
removed coloured materials, and finally with methanol 
(1-5 1 ) to elute the sulphuric ester. The metbanohe eluste 
was evaporated to dryness under reduced pressure and the 
residue was recrystallized from aqueous ethanol to yield 
potassiamZ-hydroxy-l-naphthylsulphaie (3 4 g.) in elongated 
plates (Found: C,43-2; H.2 8; S,109; K,13 9 Q,H,0,SK 
requires C, 43 15; H, 2 5, S. 11*6, K, 14 05%). 

ItTicn the potassium salt (Ig.) m 6P*HC1 (6 ml.) was 
heated to 100" for 30 mm. and cooled to 0°, l:2.diI*ydro*y' 
naphthalene (380 mg.) separated in glistemng plates (m.p. 
53-69°), which darkened on exposure to air. The crystals 
were dried at 100° at 0-2 mm. and recryatallized from light 
petroleum (b.p. 60-80°) m needles, m.p. and mixed m.p. 
98-100°. The diacetate formed prisms from ethanol, m.p. 
and mixed m.p. 109®. The mother liquors from the hydro- 
lysis were shown, by the use of BaClj, to contain inorganic 
sulphate. 


bright-violet fluorescent spot when the papers were ex- 
amined under a Hanovia Chromatohte ultraviolet lamp 
fitted with ft Chance 0X7 filter. When the ehromstogrsnu 
were sprayed with diazotized p-nitroauilme 


HO), followed in each case by aquMius 10% tha 

ester developed little or no colour within 4 hr , hot later 
pale-brown colours appeared. IHiea the P*P*” 
sprayeil with flx-HCl and heated in an even W 70 wr 
20 min., the ester spot gave immediate purple wlouis 
(characUnstic of free 1 . 2 .dihydroxynapbthalene) witheien 

animals and totUctlon of urine. Four rabbi^ 
(body weight approtimately 2 kg.), maintain^ w» » • 
rat cake, bread and water, were each injected 
toneaUy on four consecutive days with a solution o p 
.h.I.n, to .r.eh„ oj (S ml. »f '"SL”" 

housed in meUbolism cages designed to allow ^1** . 

of urine separately from faeces. The unnes were co 

to the sixth day and were stored at 0°. 

Jsolalkm experxments. The urine was 
remove solid matter, acidified (pH 4) with ace I, 

washed several times with ether. Itwasthenpa * 

a bed of activated charcoal (500 g ). gaits, 

w,th (4 1 ) to mmov. urn. „,h. 

and tbm with aqueoO! 2’'-™. „ik“olka«ol 

tbakna metabol.tea finally 

(21.). .nd the eluat. waa .raporated to dryii«> 
reduced pressure to a brown gum. , 


m a slurry, which was poured into * « • 

»««in . diameter 8 cm ) fitted with a sinW tot 


S 3 ^ through the column at the rat* 
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Metabolism of Polycyclic Compounds 
n. THE CONVEHSION OF NAPHTHALENE INTO S-HYDROXY-l.NAPJlTHYL SULPHATE 
IN THE RABBIT* 

By E. BOYLAND and P. SIMS 

Chuter Ueeranh Inst Unit, Institute of Cancer Iteseexrth : Roi/nl Cancer llospitol, 

Fulham Ilend. London, .S.IP, 3 

{Reccictd IBOetnher 1956) 

By tho (wr of pnjx'r-chromfttosrojiljio nnaly»w, l:2-dniy(lrox) naphtliAlt'np atlrr tho chmmnlo- 
Comor A Younjr (1054, 1955), Sato, Yamaila, pram^ hnd been troatwl wilh miti'*nil acid. By 
Suzuki, Kiikuyaiiwi A Yonhika* a (1050) and injoctinR**S'lal>cnc<i Bodium Kiilplmta into thpdo*p<l 
Soloiiinn (1055) detiftwl Iho pn-swoeo ol a iwta- amnuil*. tho fim two groups of workers wrn* able to 
Ifobtonf naphthftlono in thonnnoof mtsdoaol with ahow by tho uso of nuliorJironuitoprams that thn 
naphthftlono, whirh pn\o the colour rvaotionii of motaliolito wo* prol»ah1y a aulphiirio ostcr of 1:2- 

dih\droxjnAphtij»lcnf. Furtbcirnon', C'om^'r A 
• Fan lOt Ik'Huvl & Solomon (IS.Vtk Ycning (1955) deicclr*) l:f.dib 3 dtv*>TU»phtlialrTu» 
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The Oxidation of Aromatic Amines. Pari V.* Oxidation 
hy Perphosphoric Acids. 

By E. Boyland and D. Maksok. 

Aromatic amin« arc oTtdisctl by pcrmonophosphoric acid or a mixture of 
pcracctic and phosphoric acid. Aniline is oxidised to p-arainophenol and 
p-aminophcnyl dihydrogcn phosphate, 2-naphthylamine to 2-amino-l- 
naphtliol and S-amino-l-naphthy! dihydrogcn phosphate: but A’A'-dimethjl- 
2-naphthylammc gives its A^-oxide, and anthranilic acid yields aroxybenzene- 
2 . 2 -dicarbo.xylic and 5-hydroxyanthranilic acid. The oxidation to phenolic 
derivatives does not proceed in neutral or alkaline solution, or in the absence 
of acetone or some other carbonyl derivatives. 

AnoNfATic amines are o.xidised by mammals to aminophcnols which are e.xCTCted as 
sulphuric esters or glucuronides The possibility that the oxidations were oxidative 
phosphorjdations, yielding aminophcnyl phosphoric esters, has been examined* but no 
evidence for the presence of 2-amino-l-naplitliyl diJiydrogcn phosphate could be found 
on biological oxidation of 2*naplithylaminc. The oxidation of aromatic amines tvith 
perphosphoric acid has been studied (<i) because it miglit be analogous to the biological 
oxidation, (i) as a method of preparation of the aminophcnyl phosphates as reference 
compounds in connection with the biological oxidation of amines, and (c) for comparison 
w’ith oxidation by persulphate.* JIammals c.xcretc phenols as sulphuric esters and, surpris- 
ingly, not as phosphoric esters although much more phospliatc than sulphate is cxcret^ 
It Was c.xpcctcd that phosphoric esters of aminophcnols would be formed by oxidation 
with alkaline perdiphospliatc because o.xidation with alkaline neutral or addified per- 
sulpliate yields o-aminoplicnyl sulphates as the main products.* Neither potassium nor 
ammonium perdiphospliatc oxidised 2-naplithylamine to phosphoric esters. The pro- 
duction of Iwth 2-amino-l-naplithol and its phosphoric ester by oxidation by peimono- 
phosphoric acid in the presence of acetone was seen in prclimlna^' c.xperiments with the 
mixed acids formed by the reaction of pjTophosphoric acid with hydrogen pero.dde. 
Wien the mixed acids were added to 2-naphthyIaminc in 50% aqueous acetone containing 
an excess of alkali, no aminonaphthol derivatives were formed at room temperature or 
at the boiling (Kiint If the alkali was omitted, however, 2 -amino-I-naphthol and 2-amino- 
I-naphthyl phosphate were produced, but only if acetone was present. As perdiphos- 
phoric acid is stable in alkali but decomposed in acid solution, while permonophosphonc 
acid is stable in acid only,* these results suggest that the oxidation to aminophenols requires 
permonopliosphoric acid. 

Pcrmonophosphoric acid free from pcrdiphosphoric acid can be prepar^ by treating 
hydrogen peroxide with phosphoric oxide in acetonitrile.* This material in 
solution oxidised 2-naphthylamine to 2-amino-l*naphthol and to 2 -amino-I-naph j 
dihydrogen phosphate. In aqueous acetone the yield of phosphate w’as greatly reduce , 
and in the absence of acetone or other ketones or in neutral solution no phospha ® '' 
formed The yield w’as not significantly altered by changing the rate of addition o 
per-acid or by varying the temperature of the reaction from —5® to the boiling poin o 
mixtures. Oxidation with an excess of permonophosphoric acid gave ^ 
acid. 2-Amino-I-naphthyI dihydrogen phosphate xvas also readily prepared by oxi a 
of 2-naphthyIamine with peracetic acid in the presence of phosphoric acid an ace o • 
2'Amino-l-naphthol, also produced in the oxidations, %vas not isolated but it was e 
• Parts I— IV, 1953, 3623; 1954,980; 1956, 1337; Btoehem. J.. 1956. 62. 
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The gum containing the metabolites was dissolved in a 
little water and the solution was absorbed in cellulose 
powder (5 g.) which was packed in a layer on top of the 
cellulose in the column. The solvent mixture was passed 
through the column at 50 rftl./hr., when a broad band which 
had a violet fluorescence under ultraviolet light was seen to 
form. The eluate was collected in 100 ml. fractions, which 
were separately evaporated to dryness under reduced 
pressure and exammed by means of paper chromatography 
with the solvent systems already mentioned. The earlier 
fractions contained mainly h’ajw.l.fl.dihydronaphthalene- 

1- 2-diol and were discarded. I>ater fractions, which corre- 
sponded to the elution of the fluorescent band, were evapor- 
ated to form light-brown gums or partially crystallmo solids, 
all of which contained l-naphthyl sulphate, together with 
the new metabolite. These gums were combined and dis- 
solved m water (6 ml.) and SK-NaOH (5 ml.) was added, 
followed by ethanol (50 ml.). The mixture was warmed until 
crystals began to separate, cooled to O'* and filtered. The 
filtrate was evaporated down to half volume on the steam 
bath and cooled to 0", when more crystals separated. The 
combined solids were recrystallized from aqueous ethanol to 
yield a substance which was probably the disodium salt of 

2- hydroxy.l-naphthjl sulphate as silky needles (980 mg., 
after drymg at 100'’ and 0 2 mm., corresponding to about 
2%oftheoaphthalencad20iRittered), which hadaninfrarcd 
spectrum (measured, as a muli m liquid paraffin, between 6 
and l5p) identical with that of the substance obtained 
from the oxidation of 2-naphthoI. It was converted as before 
into sodium 2-hydroxy. l-naphthyl sulphate (420 mg-), 
which formed plates trom methanol-ether (Found . C, 45*4, 
H, 2 7{ S, 12 0}Na. 9 0. Calc, for C„H,0,SNa. a45 8. H, 
2 7; S, 12 2; Ka, 8 8%). The mfrared spectrum (measured, 
as amull m bquidparaCfin, between 6 and 16 ^) was identical 
with that of the synthetic sodium salt, and the two salts had 
identical properties on paper chromatograms. IVben urines 
of the treated animals were exammed on paper chromato- 
grams with the aolvent systems, the eater had somewhat 
higher Hf values than those obtained when the pure com- 
pounds were run (cf. Solomon, 1053; Corner & Young, 1954. 
1956). 

The ester was hydrolysed with 5 n.HCI and the product 
was purified as before to yield 1.2.dihydroxynaphthaIene, 
m.p and -mixed mp. 101-102°. The diacetate formed 
prisms from ethanol, m p. and mixed m.p. 108-109®. The 
mother liquors from the hydrolysis contained inorganic 
sulphate. 

, DISCUSSION 

Tho structure of the now metobolite follows directly 
frorn its method of synthesis and from the fact that 
•t gives 1.2-dthydroxynophthaleno and sulphuric 
acid on acid hydrolysis. Tho present work throws no 
light on the method of formation of tho ester in tho 


AND P. SIMS 

body but the work of Comor & Young (1955) and of 
Sato e< al. (1956) indicates that l:2-dihyclronaph- 
thaIene-l:2-diol is an intermediate in its formation. 



(Ill) (IV) 


The metabolic pathway of naphthalene therefore 
involves oxidation to 1 2-dihydronaphthaIene-l:2- 
diol (II).Thediol (II) is then dehydrogenated to 1:2- 
dihydroxynaphthalene (III) which is then con- 
jugated to yield the sulphuric ester (IV). 

SUMMARY 

1. The isolation of 2-hydroxy- l-naphthyl sul- 
phate from the urine of rabbits dosed with naph- 
thalene IS described. 

2. The ester was synthesized by the persulphate 
oxidation of 2.naphthoI. 

We thank Miaa ^I. J. Allen for assistAnce with the animals. 
Dr S F. D. Orr for the infrared spectra, Mr R E. S. Prout 
for technical assistance and Mr P. Baker of Wellcome 
Research Laboratories for the micro-analyses. This investi- 
gation has been supported by grants to the Chester Beatty 
Research Institute (Institute of Cancer Research- Royal 
Cancer Hospital) from the Bntbh Empire Cancer Campaign, 
the Jane Coffin Childs Memorial Fund for Medical Research, 
tho Anna Fuller Fund and the National Cancer Institute of 
the National Institutes of Health, U.S. Public Health 
Service. 
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to occur only in the presence of a carbonyNcompound. Robertson and Waters® and 
Cnepe, have suggested that the oxidation of oxopoljonethylenes to lactones by permono- 
sulphunc acid (Baeyer and \'iUigcr reaction might proceed by u’ay of an addition 
compund between the carbonyl compound and the pcr-acid. It is also known that 
aldehydes and ketones react with hydrogen peroxide or hydroperoxides to give hydrox\-allal 
ppoxides. Doering and Dorfman “ investigated the conversion of (“OJbenzophenone into 
phenyl benzoate by perbenzoic acid and found the results to be consistent with an initial 
addition of the per-acid to the ketone. Similar addition compounds may play a part in the 
oxidation of amines by permonophosphonc acid in the presence of carbonyl compounds. 
The oxidation of iVA^-dimethyl-2-naphthylamine to an amine oxide, and of anthranilic add 
to an azoxy-compound, are reactions topical of hydrogen peroxide or organic per-adds. 


Experimental 


Paper chromatography n as carried out by ascending development on Whatman no. 1 paper, 
with butan-l-ol-acetic acid-water [(«) 2 : 1 : 1 or (fc) 4 . 1 ; 5 by vol.] 

Preparation oj PerinonopkosphoHc Acid — Toennies • prepared the per-acid on a small scale 
It was prepared safely in larger quantities provided the cooling and mixing were carefully con- 
trolled Use of ether as a solvent on this scale (in place of acetonitrile), however, resulted in 
an explosion Phosphoric oxide (14-2 g ) was suspended m acetonitrile (30 ml ) at —5*, and 
hydrogen peroxide (C-8g. as 7-8 g. of 87% hydrogen pero.xide: Laporte Ltd ) and water (0 8 g) 
in acetonitrile (10 ml ) were added during 45 min. with stimng, so that the temperature did not 
rise above 10®. The mixture was kept cold for 1 hr. and then at room temperature overnight; 
it was stored in a refrigerator and assayed iodometiically before use as described by Toennies.* 
The yield of per-acid was lO-S g (46%) and 3 3 g. of hydrogen peroxide remained unchanged. 
On storage at 6* the per-acid and hydrogen peroxide content fell 1 ml of solution, containing 
initially 0-34 g of H,PO, and 0 04 g. of hydrogen peroxide, contained 0-21 g. of per-add and 
0'02 g of peroxide after 26 days. Another 1 ml , containing initially 0 25 g. of per-add and 
0 06 g of peroxide, had after three months to the cold. 0 04 g. and 0 002 g. respecth-ely 

Oxidation of 2-Naphthytamine by Permonophosphonc Acid.— (a) In aeetont To 2-naphth>l- 
amine (7g ) in acetone (160 ml ) permonophosphoficacid(5g , in acetonitrile) wasaddeddropw^ 
with stirring during 30 min After a further 30 minutes' stirring, the solution was made alk^e 
with 2N-sodium hj^lroxide. and most of the acetone removed under reduced pressure. Water 
was added and the solution extracted wth ether (5 X 100 ml.), aadified with concentrated 
hydrochlonc acid, and extracted with butan-l-ol (6 x 100 ml.). The combined butanol exto^ 
were made alkaline wth aqueous ammonia {d 0 88), then evaporated to dryness under reduce 
pressure, and the residue %vas dissolved in dilute ammonia solution. The solution was treated 
with charcoal whilst hot, filtered, and acidified with concentrated hydrochloric acid, 2-fl»ii«o-l- 
naphthyl dihydrogen phosphate (1-2 g) separating. Recrystallisation by dissolurion^m alk^ 
and precipitation with concentrated hydrochloric acid gave prisms, m p. 247 ’ 

P, 12 7, N, 6 6 C,oHjo 04PN requires P. IS O; N. 6 9%). Hydrolysis of the ester (0 5 g J by 
6N-sulphunc acid (6 ml ) at 100° for 30 min yielded, on coolmg, 2-ainino-l-naph^yl hydrogen 
sulphate. The .W-benzoylbenzoate formed needles (from ethanol), m. p and mixed 

(Found N, 3-9 Calc forC,4H„0,N. K. 3-8%). The phosphoric ester gave » bnck-red colour 

after diazotisation and coupling with hexylresoranol. It gave a 
and Mohan’s phosphate test,** but did not respond to Hanes and Ishen%oods es , 
1-naphthyl dih>drogen phosphate In solvent sj-stem (a) the ester had Pg ^ 

^Vhen ethyl methyl ketone w’as used as a solvent in the oxidation, the yield o es e 


7 g. of amine was 0 4 g j w j +n nVr a 

The ester reacted immediately as an amine with p-dirnethylaminobenzalde y ® 8 

yellow colour, and was only slowly hj-drolysed by SH-sulphunc acid at 100® abater 

(6) In aqueous acetone. S-Naphthylamine (7 g ) was dissolved in acetone (100 mj j ana 
(50 ml.), and per-aad (6 g) was added during IS mm The mixture >vas " 

■the phosphonc ester (0 1 g.) isolated as in (a) ^\^^en the mixture was ivorked up . 

the addition of the per-acid the yield was 0 IS g . when the reaction was carried out at 
the mixture worked up after 40 mm it was 0 04 g ; after 1 hour’s refluxing, it was o-i S 
(c) Oxidation at pH 6 0 The reaction was earned out as in (5) but the pH ot tft pe 
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by the green product formed on addition of ammonia, and u'as extracted by benzene as a 
purple solution.® 2'AcetamidonaphthaIene resisted o.vidation by permonophosphoric 
acid or by a mixture of peracetic and phosphoric acid. jVJV-Dimethyl-S-naphthylamine 
with permonophosphoric acid in aqueous acetone gave the amine oxide; Auerbach and 
Wolffenstein ® found that hydrogen peroxide had no effect on A^A^-dimethjdnaphthylamine. 

Aniline and permonophosphoric acid gave /»-aminophenol and /--aminophenyl di- 
hydrogen phosphate in the presence of acetone, but not in acetonitrile or water alone. 
No e-aminophenol was detected. Aniline and peracetic acid in the presence of phosphonc 
acid gave ^-aminophenyl dihydrogen phosphate (readily isolated as the monoaodium salt) 
and some ^-aminophenol (not isolated). For chromatographic identification, />*amino- 
phenyl phosphate was prepared by catalytic reduction of disodium ;^'nitrophenyI 
phosphate. 

Oxidation of anthranihe acid in aqueous acetone by permonophosphoric acid gave 
a 2 oxybenzene- 2 ; 2'-dicarboxylic acid and a small amount of 6'hydroxyanthranilic acid, 
but no 3-hydroxyanthranilic acid. Oxidation of 1-naphthylamine, benzidine, or 2-aTninO' 
fluorene with permonophosphoric acid in acetone gave small amounts of phosphoric esters 
detected as slow-running amino-compounds on paper chromatograms. No 3 : 3'-di- 
hydroxybenzidine was detected among the products of the benzidine oxidation. 

Different solvents for permonophosphoric acid oxidations were investigated, the 
formation of 2-aminO'l'naphthQl and 2-ammo-I-naphthyI dihydrogen phosphate being 
studied. The results are tabulated. Some of the solvents were compared with acetone 


Solvents in which no phenolic products were 
formed 

Water Chloroform 

Acetonitrile Pyndine 

Pentyl alcohol (BSd96| Acetic acid 
Peopaa-2-ol Ethyl acetate 

Ethanol Diirobutyl ketone 

Ether Salicylaldehyde 

Dioxan 

• Only 2-amino-l-naphthol iormed- 


Solvents in which 2-ammo-l-naphthol and its 
phosphate were formed 
Acetone Acetonylacetone 

Aqueous acetone (S0%) Piacetyl 
Ethyl methyl ketone Et acetoacetate 
Diethyl ketone Pyruvic acid {10% aq ) 

Acetophenone Formaldehyde (33% oq ) • 

Beneophenone Acetaldehyde (50% aq ) t 

Acetylacetone Benraldebyde f 

f Only the phosphate formed. 


in the synthesis of the phosphonc ester on a preparative scale, ethyl methyl ketone gave 
a lower yield. If N-benzylidene-S-naphthylomine in aqueous suspension or in aceto- 
nitrile was treated with the per-acid. 2-amino-I-naphthyl phosphate was formed. From 
these results it appears that carbonyl derivatives facilitate the oxidation. 

The formation of compounds between the permonophosphonc acid and acetone iras 
investigated by comparing solutions in acetonitrile and in acetone on paper chromatograms. 
The acetone solution showed two spots which were not present in the acetonitrile solution: 
one (Rp 0 5) gave a positive reaction for phosphate ion and for oxidising activity: the 
other {Rf 0-85) consisted of an oxidising substance which gave no phosphate reaction. 
Neither of these spots was obtained if acetone was treated with hydrogen peroxide only. 
If an acetone solution of the per-acid was kept for tivo day’s at room temperature the 
per-acid disappeared, but the products giving the spots desenbed above remained and the 
solution was stili capable of oxidising 2-naphthyIamine to 2-amino-I-naphthoI and its 
phosphoric ester. 

Homer and Schwenk ’ proposed mechanisms for the reaction of benzoyl peroxide with 
aniline, methylanihnc, and dimethylamlme the postulated primary step is a transfer 
of one electron from the unshared pair of the pilrogen atom to one of the peroxidic oxygen 
atoms, resulting in fission of the -'O'O- bond and formation of a radical and a negative 
ion. A similar mechanism may account for the formation of phenols and phosphoric 
esters by (.lormanophosphoric acid The per-acid might be split by the transfer of an 
electron from the amino-nitrogcn atom to give hydroxyl or phosphate radicals. The 
formation of jJ-ammop!ienol and 2-amino-f-naphthol and their phosphoric esters seems 



the solution extracted with ether. Paper chromatography showed the extract to contain 
aniline and p-aminophcnol. Kxtraction of the aqueous layer, adjusted to pH 5 0 by 2x-hydro. 
chloric acid, with butan-l-ol removed more p-ammopheno! During this last extraction a 
solid (2-1 g.) crystallised from the aqueous lay-cr. and was collected. The solution, acidified 
to pH 2 0, yielded no amino-compounds on extraction with butanol. It was neutralised and 
evaporated to dryness. The residue \v.T 3 extracted %Mth hot methanol, and the extract 
evaporated to dryness. The residue was dissolved in water and the solution adjusted to pH 
6 Oand cooled, toyield needles (1-1 g.). Thesc.and the material obtainedasabove, were recrystal- 

liscd from 10% ethanol to yield, in both cases, needles, m p 191—102® with no mutual 
depression of m. p. Paper chromatography in solvent system (a) showed both to have the same 
liy (0 30) as the p-aminophcnyl phosphate obtained as below. The ester was isolated as 
sodium i>-atmnophenyl hydrogen priosphate (l'o\wil. P, 14-3; X.C3. N'a,ll-5. C,H,0,NPXa 
requires P, 14-7, N, 0 0, Nn. 10 0%). Ilydrolysix of the ester with 5.v-hydrochlonc acid at 
100’’ for 30 nun. and bcnzoylation of the pru<iucl yielded p-benzamidophcnyl benzoate, 
m p andmixcdni p. 230— 232* (Found- X. 4-0, Calc, for CjalljjOjX; N, 4-4%). p-.\niino- 
phenyl phosphate gave colour'tests like those of 2-.imino-l-naphlhyl phosphate 

Disoe/iiim p-A>ninopfirnyl Phnsphale JotKttd hy the Jiediiclion of the Sitro-compouni — 
Disodium p-nitrophcnyl phosphate (0 S g ) in 50% aqueous ethanol (50 ml ) was reduced with 
hydrogen and Adams catalyst (0 1 g ) at room temperature and pressure. After filtration, the 
solution was evaporated to dryness and the residue crj-stallised from aqueous ethanol (approx 
C0%), to yield (iisodiion p-fl)«i»j<?pAe«y/ phosphate .as necxllcs (0*15 g , 30%) (Found; P, 13 1, 
N, 6-8 CjHiOjNPXai requires P, 13-3, N. 0 0%). 

Oxidation of Anthramlic /leiJ.— -Permonophosphone acid (10 g., in acetonitrile) was added 
dunng 30 min. to anthramlic acid (14 g ) in acetone (50 ml ) anil water (50 ml ). After 4 hours’ 
stirring and storage overnight the solution was neutralised and cv.iporated to small volume 
The solution was adjusted to pll 4 0 and continuously extracted witli ether for 24 hr. Yellow 
prisms crystallised from the ether extract and. after rccrystalhsalion from alcohol, had m. p. 
245—240® (1 0 g ) Paper chromatography of the ether extracts m solvent sj-stem {b) showed 
the presence of anthramlic acid (/^y 0 05. yellow colour after diazotisation and coupling with 
hexylresoremol) and 5-hydroxyanthrauilic acid (Rf 0 6, red colour with al>ove reagents) No 
3-hydroxyanthramlic acid appeared to be present (the authentic compound had i?i> 0 9 and 
formed a pale yellow colour with the above reagents) Acidification of the aqueous lajer to 
pH 1 0, followed by extraction with ether, gave more (0 25 g) of the compound, m p. 245 , 
which was acidic, did not dinzotisc, couple with hexjlrcsorcinol, or give a colour with diazotise 
sulphanihcacid The compound gave no m p depression with aroxyl>cnzcne-2 : 2'-dicarboxyIic 
acid *« (Found C, 68 8, H. 3-5; N. 10 15 Calc forC„H,oO,X,; C. 68 7; H. 3 5. N. 9 
Examination of the aqueous fraction by p.iper chromatography revealed no diazotisabe 
compounds 

Attempted Oxidation of 2-Naphlhylaimne with Alkaline Prrif»/>/iosp/»ife — 2-NaphthyJamtn 
(0 5 g ) was treated with perdiphosphate(l cquiv ) and the mixture examined by paper chroma o- 
graphy in solvent system {a). No 2-amino-l-naphlhyI phosphate was formed wit ^ 

potassium or ammonium pcrdipliosphate under the following conditions: (1) neutra 

solution, at room temperature up to 10 days; (2) aqueous alkaline solutions at room 
peraturc, or at 100® for 4 hr . (3) alkaline 60% acetone for up to 10 days at room 
Reaction in the presence of added phosphonc acid gave no phosphonc esters un ess ace o 
present However, on a preparative scale (6-3 g. ol amine) the use of this ^ i, j. 

temperature gave only a few rag. of phosphoric ester. Experiments with aru me gave 

Paper Chromatography of Acetone and Acetonitrile Solutions of Permonopl^^ph^''^^ ^ 
Solutions (10%) of permonophosphone acid m acctomtnle or acetone were ^ 
room temperature and samples of each applied to chromatography paper e sp 
neutralised w-ith ammonia vapour, and the chromatograms developed in ^ gj 

for 16 hr Phosphates were detected by Hanes and Isherwood’s method (asco . j 

c detected by a 5% aqueous potassium loame 
- ^ 35 If the acetone 


Phosphates \ 

the reducing agent '’) Oxidising substances were d . if the aceiui*-^ 

spray Permonophosphoric acid had Rt 0 25 and phosphonc acid RpOSo ^ 

solution was kept for 48 hr at room temperature only the oxidising spots at f 


3 kept for 48 hr at room temperature o 
and phosphoric acid were detectable , riucolvine the 

The effects of solvents on the oxidation of 2-naphthylamine were studied by 
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solution was adjusted to 6 0 by 2N-sodium hydroxide. Titration ot an aliquot part indicated 
no loss of per-acid by this treatment No phosphoric ester was isolated, although paper 
chromatography indicated that a trace was present 

(cf) Use of excess of per-acid in aqueous acetone. 3-Naphthylamine (5 g.) in acetone (140 ml ) 
and water (70 ml.) was treated with per-aad (12 g ) and alter I hr the mixture extracted as in 
(tz). The product (1-5 g ). isolated by the acidification of an aqueous solution of the residue 
from the butan-l-ol extract, had m p. 190—192* after recrystallisation from aqueous ethanol. 
It was acidic, did not diatotise or couple with hexylresorcmol. and contained no nitrogcr. or 

phosphorus " ' -vith S-caiboxycinnamic acid (Found . C, 62-6, 

H, 44 Calc. ■ " ‘ As described by Titlcy ” the melt solidified 

on further he; ' at a lower temperature (HO — 144°. Titiey 

reports 161°), The diamide, prepared by treatment with thionyl chloride followed by reaction 
with ammonia, formed needles, m. p and mixetl m p. 201 — 202° (Found. N, 14 9 ( ale for 

CjoHioO^Kj; N. U-7%). 

(e) Oxidation in acetonitrile 2-NaphthyIamine (7 g ) was treated in acetonitrile (60 ml ) 
with tlie per-acid (4 g.) during 30 min Working up as before yielded only 2-carboxycmnamii. 
acid (0 05 g ) from the butan-l-ol fraction Chromatr^aphy of this .nnd the original reaction 
mixture revealed no 2-amino-l-naphthyl dihydrogen phosphate. 

Oxidation of 2-l^aphlhylaimne by Peracetic Acid t>t the Presence of Phosphoric .•icid — 
2-Naphthylamine (7 g ) and phosphoric acid (9 8 g ) were dissolved m acetone (160 ml ) 
Peracetic acid (10 ml ) was added with stimng during 30 min. Stirring was continued for a 
further 1*6 hr, then the mixture was made alkaline with 2.V'Sodium hydroxide, and most of 
the acetone removed under reduced pressure After dilution w'lth water, the solution was 
extracted several times with ether, and the aqueous layer acidified, to yield the phosphoric 
ester (3-5 g ). m p and mixed m p 242— 244° (decomp.) (N-benroylbenroate, m p ISO®) 
Oxidation of lil^~DifMethyl'2-Maphlhytamitie — The amine ’* (6 g ) m acetone (100 ml ) and 
water (60 ml.) was treated with the per-acid (3-0 g ) during 20 mm and stirred for a further 1*5 
hr. A crystalline precipitate (2 2 g.) was filtered off, and the filtrate neutralised and evaporated 
to small volume. The aqueous solution was extracted with ether (from which 0 0 g of the 
amine was recovered) and, after acidification wth concentrated hydrochloric acid, with butan-I- 
ol The butanol extract was neutralised with ammonia and ex’aporated to dryness. From an 
aqueous solution of the residue. 0 5 g of a substance, m p. 160 — 163°, crystallised Recrj'Stal- 
hsation of the combined precipitates from 70% aqueous acetone gave plates, m p 167—169° 
The product was acidic and contained phosphate ion, but was not precipitated on addition of 
alkah (the amine is not soluble in water) Analysis indicated that the compound was the 
oxide phosphate (Found • P, 10 8, 10 7. N. 4 9 C],H„ON.HjPO^ requires P. 10 9; N. 4-9%) 
The oxide (0 5 g) was kept in concentrated hydrochloric acid with stannous chlonde (0-5 g) 
Overnight at room temperature and then made alkaline and extracted with ether Evaporation 
of the extract and crystallisation of the residue from aqueous ethanol yielded 2V'A’-dimethyl-2' 
napMhylamine, m p and mixed m p. 44 — 46® (Found C. 83-9, H. 8 1, N. 8 05 Calc for 
C. 84‘2, H, 7-7, N, 8-2%). 

Oxidation of Aniline by Permonophosphoric Acid — Permonophosphoric acid (10 g in aceto- 
nitrile) was added during 30 mm with cooling and stirring to aniline (16 g ) in acetone (200 ml ) 
After a further 1-5 hr the solution was neutralised with 2N-sodium hydroxide and evaporated 
to small volume under reduced pressure After dilution with water and adjustment to pH 6 0. 
the solution was extracted with ether, then with butan-l-ol and again with this solvent at 
pH 2 0 The ether extracts contained p-aminophenol and evaporation of the butanol e.xtracts 
and benzoylation of the residue m pyridine with benzoyl chlonde yielded p-bciizamido- 
phenyl benzoate (10 mg ), m p and mixed m p 230 — 232* Paper chromatography showed 
that the butanol extracts contained no p-aminophenyl phosphate The ester was identified 
m the aqueous layer by comp.irison on paper chromatography with a known specimen \Rt 0 35 
m solvent sjsteni (a)] The spot gave a yellow colour after diazotisation and coupling with 
hexj IrcsorcinoJ Two other spots with the same colour reaction and w ith /?j> respectively 0 .56 
and 0 16 were present but were not identified. p-Ammophenyl phosphate was not isolated 
Oxidation of Aniline by Peracetic Acid in the Presence of Phaspkonc Acid — 40% Peracetic 
acid (38 sn] ) was added during 45 nun with cooling to aniline (Id 0 g J and pfiosphonc acid 
(39 2 g ) in acetone (350 ml ) Water (50 ml ) was added and tlio mixture neutralised with 
SS'Sodium hydroxide and evaporated to small volume ftfore water (250 ml ) was added and 
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Tryptophan Metabolism in Patients ivith Carcinoid and Other 
Tumours 

. BV 

Dr. E. Boyland and Dr. D. C. Williams 
(Chester Beatty Research Institute, Institute of Cancer Research; Royal Cancer 
Hospital, London} 

The characteristic biochemical abnormality of argentaffinomas is the conversion of tryp- 
tophan to 5-hydroxytryptamine or serotonin. Many bacteria convert tryptophan into indole 


pellagra-like symptoms. 

The major metabolic pathway of tryptophan in normal mammals leads through kynurcnme, 
3-hydroxykynurenine 3*hydroxyanthranilic acid to nicotinic acid. We have been particularly 
interested In this process because 3*hydroxyanihranilic acid is carcinogenic when implanted 
in the bladders of mice and it may be a cause of cancer of the bladder in man (Allen el at, 
1957) A subsidiary metabolic route involving 5*hydroxyXynuren)ne leads to formation of 
xanthurenic acid—a substance which is said to induce hyperglycemia and may be important 
in diabetes. 

Our own approach to the carcinoid problem has been through interest in those tryptophan 
metabolites which may be of Importance in cancer of the bladder. NVe (Boyland et al, 
1956) have developed a method in which some 16 tryptophan metabolites were separated 
on paper chromatograms and then amounts estimated by the measurement of the areas of 
the spots produced by the different substances. , 

In most of the oalients twenty-four-hour specimens of urine, collcctedjande^r 


are more easily seen, r nri hv 

The method applied to 3 patients with caranoids gave results similar to those 
other workers. The urine of these patients did not contain abnormal amounts oi a y 
the other possible tryptophan metabolites including anthranilic acid, 3 -hydroxyantnra i 
acid, 5-hydroxyanthranilic acid, 3-hydroxyanthranilic acid sulphuric ester, kynure 
3-hydroxykynurenine, tryptamine, and indoxyl sulphate. , 

The same tryptophan metabolites have bwn determined in the urine of pat 
tumours of dilferent sites. Patients with bladder cancer excrete increased 
hvdroxvanthranilic acid and 3-hydroxykynurenlne (Boyland and /the vocal 
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amine (0 6 g ) m the solvent (15 ml.), and adding 0-3 g. of pennonophosphoric add. The 
mixtures were examined by paper chromatography. 

Analyses were by Mr. F H. Oliver, of the Microanalytical Laboratory, Imperial College of 
Science and Technology, and Mr. P Baker, of Wellcome Research Laboratories. This investig- 
ation has been supported by grants to the Chester Beatty Research Institute (Institute of Cancer 
Research. Royal Cancer Hospital) from the Bntish Empire Cancer Campaign, the Jane Coffin 
Childs Memorial Fund for Medical Research, the Anna Fuller Fund, and the National Cancer 
Institute of the National Institutes of Health, U S Public Health Service. 

The Chester Beatty Research Institute, 

The Institute of Cancer Research Royal Cancer Hospital, 

Fulham Road, London, S\V3 {Received, June \2th, 1967] 
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KXZyjfES IK LIVER TUMOURS 



Fio. la . — Adenosiae d^aniuiaM lev^b, oxpressod d« (i moles inosue 
decomposed per min per g. of tissue. 

FiQ. 16. — Kucleosido phosphorylase Jovels, expressed as jz moles 
adenosine decomposed per imn. per g. of tissue. 

Fio. \c . — Xanthine oxidase Jovels, expressed as p moles xantliine 
decomposed per min. per g. of tissue. 

The following abbreviations aro usod for the ddToront types of liver tissue : 


Bars in direct apposition represent diH'erent tissue samples 


from the same rat. 
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ADENOSINE DEAMINASE, NUCLEOSIDE PHOSPHORYLASE AND 
XANTHINE OXIDASE IN LIVER TUMOURS 

E. REID AND I. LEWIN* 

From the Chester Beatty Research Institute, Institute of Cancer Research : 

Royal Cancer Hospital, London, 

Received for publication July 22, 1957 

Enzymes concerned iu the catabolism of nucleic acids have been little studied 
in liver tumours, and especially in tumours which, from careful histological 
examination, could be regarded as hepatomas and could, therefore, reasonably 
be compared with normal liver. In normal liver the degradation of adenosine can 
proceed by the following pathway (Christman, 1952) ; 


adenostne 



inos*ne 


I nucleoeida phosphorylase 
hypoxantktne 

I xantbuio oxidaso 
xanthine 

I xanthino oxidaao 
unc acid 

Changes in these enzymes in azo-dy© carciAogeiiesis have now been investigated. 


EXPERIMENTAL 

The tissue fractions now analyzed were those prepared in a previous study 
(Reid and O’Neal, 1956), to which reference should be made for details of the 
procedures employed. The fractions were, in general, derived from the livers of 
albino rats which had been fed 3'-rnethyI-4-dimethylammoazobenzene ; but one 
experiment (“ 14/7 ”) was carried out with a hepatoma arising in a rat of the 
” August ” strain which had been fed ^-dimethyIaminophenylazo-2-naphthalene. 
As indicated in Fig. 1, experimental rats were always studied simultaneously 
with controls which had been fed on the same diet but with omission of the 
carcinogen. 

The “ pre-cancerous liver ” studied in some experiments was obtained from 
rats which had been fed the azo-dye for only 4 weeks. Tissue from rats which 
had been fed azo-dye for a prolonged period was classified into the following 
categories, with the kind collaboration of Dr, R, Daoust : hepatoma tcith little 

* Fellow in Cancer Research of the American Cancer Society. Present address • Montofioro 
Hospital, New York 67, N.Y., U.8.A. 
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EKZYJIES IK LIVER TUMOURS 

main patliological change obserx'ed in tlie livers studied by these authors was 
biJo-duet proliferation, and that the tumours which were eventually obtained 
(but not studied biochemically) u*ere of bile-duct origin. Hero it may be noted that 
experiments in this Institute (Lewin, Bergel, Bray, Haddofr and Lewin, 1957) 
have shown a decrease in xanthine oxidase iti spontaneous mammarj’ tumours, 
similar to that in the hepatomas now studied. Moreover, rabbit liver carcinomas 
showed abnormally low oxygen uptake with xanthine as subtrate, although 
“ xanthine dehydrogenase ” (assayed by the use of methylene blue) was undi- 
minisJied {Korotkoruchko, 1953). 

The possibility that xanthine oxidase is a “ key ” enzyme, goveniing the rate 
of purine catabolism, has been discussed by Bergel, Bray, Haddow and Lewin 
(1957), and also by Reid and Stevens (1958) who adduced supporting evidence 
from hormonal studies (Reid, O’Neal and Leudn, 1956) but who quoted some 
contrary evidence. Tims, Bass, Teppernmn, Richert and Westerfeld (1950) 
found that the fall in liver xanthine oxidase produced by protein deprivation or 
by azo-dye feeding was not accompanied by decreases in the excretion of uric 
acid and allantoin. Bcgg (1055) found that when turaour-bearingrafcs were given 
a low-protein diet, the usual fall in liver xanthine oxidase did not occur and the 
excretion of allantoin actually increased ; but he did not regard it as proven that 
the latter effect was a consequence of the former. 

In view of the possibility that nricase might be a limiting enzyme in liver 
(Reid and Stevens, 1958), it is of intere.st that a fall in uricase was obsen*ed with 
the hepatomas studied by Lamirande and Allard (1957) and also, in a single 
determination, with liver from a rat fed 3'-methyl*4-dimcthylaminoazobenzenc 
for 28 days (Schneider, Hogeboom, Shelton and StriebicJi, 1953). 

If purine catabolism is indeed decreased in liver tumours, it does not follow 
that nucleic-acid catabolism is also decreased. There is some evidence that the 
nucleases w'hich effect the initial hydrolysis of nucleic acids to nucleotides ^ 
actually increased in pre-canccrous liver and in primary liver tumours (Ailam, 
1956; Schneider, Hogeboom, Shelton and Stricbich, 1953). The fall in nucleoside 
phosphorylase does not imply a decrease in nucleic-acid catabolism, since this 
enzyme, of which there is a relatively high level in liver, is probably not a limiting 
factor in nucleic-acid catabolism (Reid and Stevens, 1958). The decrease in 
nucleoside phosphorj’Iase might iu fact imply a decrease in synthetic rather than 
in catabolic processes. The level of adenosine deaminase in normal liver is 
lower than that of niicJeoside phosphoiydase, and would be more likely to rellec 
any decrease in nucleic-acid catabolism ; liowever the level of adenosine 
in hepatomas is normal (as now reported) or even increased (Lamirande an A a . 
1957). TJiere are reports that the level of nucleotidase (micleoside-2 . 3 -pb^P”^' 
tase) IS normal in hepatomas (Creensteiii, Qirter and Liithardt, 1940), am i 
the level of a possibly different nucleotidase (nucleotide 5’-phosphatB*!e) is decrea 
(Lamirande and Allard, 1957). The metabolism of nucleic acids and thew dmva- 
tives m cancerous liver and, indee<l, in normal liver clearly warrants furt cr s 


SU.M.MARV 

With hepatomas induced by azo-dye feeding, tliere are marked 
the concentrations of nucleoside phosphorylase and of xanthine ox 
latter being also somewhat decreased in pre-canceroiis liver) but no cnangi 
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necrosis, hepatoma unth marked necrosis, mixed hepatoma and cholangioma, and 
liver tissue tvithoul tumours (tumours bein^ present elsewhere in the liver). Since 
there was liver enlargement after azo*dyc feeding, especially if prolonged (Reid 
and O’Neal, 1956), any decrease in the amount of an enzyme per g. of liver (cf. 
Fig. 1) does not entail a correspondingly great decrease in the total amount of 
the enzjTne per liver. 

As previously described (Reid and O’Neal, 1956), the tissue homogenates 
were freed from nuclei by centrifugation to give a c 3 ^opIasmic fraction, from a 
portion of which a supernatant fraction n-as derived by a final centrifugation at 
20,000 g for 90 minutes. These two fractions were frozen and stored at — 30^ 
until required for assay, this procedure being Avithont adverse effect on the activity 
of the enzymes studied. 

The enzyme assays were performed by differential spectrophotometry (Kalckar, 
1947), the activity of each tissue sample being assessed from the rate of change of 
extinction (determined graphicall 3 ') at the appropriate u-avelength. Adenosine 
deaminase and nucleoside phosphorylase were assaj'cd at 21-22® essentially’ by 
the procedures of Schneider and Hogeboom (1952), as used by Reid and Stevens 
(1958} in another connection ; the latter enzyme was assayed in the presence of 
an excess of purified xanthine oxidase whereby' the Jiypoxanthine (formed from 
iijosino) was oxidized to uric acid. XantJw'ne oxidase was assayed at 24® as described 
by Bold, O’Neal and Lei\in (1956) ; whole cytoplasmic fractions were used, 
although most of the cytoplasmic activity is in fact found in the supernatant 
fraction. The other enzymes were assayed in supernatant fractions, in which 
virtually’ all the cytoplasmic activity resides {Schneider and Hogeboom, 1052). 

RESULTS 

As is show'll in Fig. la, there w'crc no consistent changes in adenosine deaminaso 
actinty. In contrast with adenosine deaminase, nucleoside pliosphorj'lasc activity 
was notably low in hepatomas, this low level being not merely a consequence 
of necrosis (Fig. lb). The activity tms not morkediy depressed in liver tissue 
distant from the tumours. 

Xanthine oxidase activity in hepatomas slmwcd decreases remarkably similor 
to tho.so ohsen’cd with nucleoside phosphorylase (Fig. Ic). Tlio activities of these 
two enzy’nio.9 in some of the hep.itonia.s were less than one-quarfer of those in 
the controls studied simultaneously. Xanthine-oxidase activity’ was also somewhat 
decreased in prc-caticerous liver. 


rusci'.<fsio.v 

The present findings are in good agreement mth obscr\'ations w hich were puh- 
iLslietl in abstract fonn by Lnmirande and Allard (19.57) after the comiiletion of 
our work, The.so authors found that NovikofT hepatoma transplants lacked 
xanthine oxidase and nricase. and wTre deficient m nucleotidase (nucleoside 
.V.phosphata,se), guanase, and mjclco«idc pliosplioo’ln.«te . in contrast witJi thesp 
enzymes, ndonnsine deainina.'-c «a.s uicren.«e<l. tVcstorfeld, Richert and llillinger 
{1030) liave also reported a niarkeil fall m xanthine oxjda'<e under the •‘syner- 
gistic ” innuenccs of 4-<Iiinethy'laimnoazolien7.enc and of a low-protein diet ; 
hut with n hlgh-protein ilirt. os iite<I m the pre'cnt study, this carcinogen indticed* 
onU' a small drrre.x.se in .xantliiiie oxulasp. It may, howeVer. he stgnilieant that the 
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Hormones and Liver Cytoplasm 

{Reetived 6 March 1057) 

So»“inc^Tc“‘ ''f' EXPEKIMEOTAi 

(RNA) (ReS'VJssi ” “^'‘'x’n“«'e!o Mid EipediMnt.lpn>winw..r.deicribed4j*l«Jiri7»l.m 

inieotod re “ i, . >o<»tpi>ration of "’'“‘iifftrfiomlh(„o,mplo,ofinl>,rtl(B«jd«j(I»M) 

O’Wonl i/ Wdrotic acid into tlio RNA (Reid, the animala were mste tats, wtatoct 550 g, 

U NonI, Stevens 4 Bnmop, 1056). On tho other “ • P'”'*'” "'I" diet in reetiitW 

hand, the microsomal fraction show o decneW 

meorporation of orotic aeid. This de^aSTm 
MMtdanco with tlie postulated role of microsomal 
aynihesis, tho rate of which as 
judged hy tho incorporation of injected i)t,n-><C)- 

adrriccrrin'ii's^.f'i;!'?.*™^ 


adrenalectomy (Red «a; iS "^'"“had aOer meats, .a indic.twi m I.tt. 1. th. rat. «.ta HIsd 5j 
madoin attempt was fttid the liTPt was ground to » powder in the 

maao in tftese studies to oscortam -d-c • frozen .j-u /T!r,.,{,i Ww .—.C „.k 


which had h»n fed on * protein nch diet in reatnewj 
anount and which were fasted OTenught before autoptj. 
Adrenalectenjited rats were maintained with saline. 

Chromatography of nbonucleoivUi 
Each oapen'ment was performed with pooled Ixm 
aampiee (total 1(^(1 g.) from two rats. In the iatet espeii' 
mentj. aa indicated in XaWe 1, the tats were killed by 


n,adainthcaeatud,est;“ale::;,LZt‘:Xr 

cctomy affected the precursor 'pool' or the tune 
couree of meorporation. It was Z therefore con- 
<hat the increase m the omonn, of 
aZa fraelion is due to inerceaed 

thl^t'tm?Mal‘‘”'‘ cataholisra or 

that this RNA has eome funetion uneonneeled with 

protein Synthesis, 

»ofwf,"“,"‘^-’’.''°®''°"''^"'”"*‘"“n'"deavour • "s'- ■ , ' ' - 

.. - * Only these aspects but also the origin, 15 cm, x 0-72 crQ.rinsUe, with a longer column (20 cm )t^e 

^ possible metabolic diversity of the *^*>i'>tion was little improved. The effluent was coUeefod in 
UNA of the supernatant fraction. Sail, portions (about 300 in each run) which were esamaied 

LiverribonucJeotideshavealso becnmvesticated ®P«brophotometricaUy at 260 and. in some iMt*a«s, 

’■ ■■ 

the mS® Particular, tho pool of 

aldklnttf orotic 

1054 converted (Huribert & Potter. 1952, 

1&54. Schmitz, HurlbortA Potter, 1964). 

bnefly reported elsewhere (Reid & Stevens. 1956). is 

the sequence after adrenalectomy of the various ^ 

changes m the metabolism of BJfA and of nrotem fractions thus obuined were 

* Parts- Stov^pna » T> ■,4,in,r.ii gTSphed aftcf rcmoval of wstef and fofmie acid bj 

t BoyaJ ilfarsfifn w ♦ i r drying; if the fraction also eontained ammoniom forms^e. 

T itnyaJ Jferaden Hospital Gordon Jacobs Fellow. this was removed by the cautious use of an infrared lamp m 


ttjiQ vno liver was gronna to a powoer m la# 
frozen state (liquid nitrogen) before extraction with per- 
chloric acid solution, as described by Huribert t Potter 
(1054) ami Huribert, Schmitz. Brumia & Potter {1&54) bat 
Without perfusion of the liver. 

^alysis of the neutralized extracts waa performed by 


radioactive matenol, performed in a distant laboratory wifo 
consequent difflculty in supemsion, the runs were shortePM 
by using only two solvents (iN-fomdo acid followed by 
ds-tbnnie acid containing M-ammonium fonnate), with 
resulting loss of resolution in the later stages (Eipt- ? “ 
Table 1), 

Some of the fractions thus obtained were rechromsto- 
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the concentration of adenosine deaminase. These findings are discussed \vitli 
particular reference to the Iiypothesis that xanthine oxidase is a limiting factor in 
purine catabolism. 

The authors are indebted to Dr. R. C. Bray and to Mr. D. A. Gilbert, B.Se., 
for providing the purified xanthine oxidase for the determination of nucleoside 
lihosphorylase, and to Jlr E. Sykes for drawing Fig. 1. Funds for the purchase 
of the ultraviolet spectrophotometer were provided (to B. R.) by the British 
Empire Cancer Campaign. 
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«oal coimVms, thm Bmoonl being in ihe range GT 

of „L«>m.! nnd .operaatent Iraetionn deet^ aomf ^ 
»hatM the dose 'em i»«“n»!d. “‘""'7"".''“'^^* D1 

„etm.rk.dmtelaliontoda}-.to-d.yv.n.toram^^t.p 

reoowte and mOTCover the dorayj atithin eneh graup »u 
rS; tor .drenaleetomirad U “ « 
, 1 - .t4eo.nnt >iiui IkPHi tnade to correct »»r v» 

ra doeag^fim one e.penment to «»otber Jn «r 

“rn\r„.b|n.„.^ai;t«*«-”^ 

dosea of orotic acid (up to ‘-e* « •* “K of 1 

'oir^r-s s »'= iX .id. 

rcST„aSranioortbe»..penraent,.b.d^ ,, 

SSfan S“’ra.n, !tt« .nit«»" «' »™*» ’ 

so nun ®*'* “It here i-lSeine (gene">'l)’ 

0 063 rag. equira to t to C^d p„„ 

Injidm 4 nnloMied l«ie .tonghborevgb. 

„..,„.ndo.raoteolK«id(Oen.M.nL^ BKAfeveh. The 
leira.) to .ecertam the 't' relutio” '“ 

eomponnd JM I'™ * j 5 ,3 ™ ;ojl ). 5 ml- »«. “I"'"' 
».ter at 3T and »t pH 8 6 (3 .t 

.nlrapentoneitty. wt tilled 2 hr .tier the Uat 

re«»^" 

of aodiuiQ bicarbonate. 

results 

Uver rihonueleotxdte 

bert S Potter (1054) »">’ “i. , K.nltn 
not entphiteitn that «P‘'“‘^eo J r,;.;, tenh- 
depends on scrupulotm _„rbepm»;nte*pen' 

„,5oe..o.beca,ne«v.dentd,.™B«b j ^ 

ments, the data for eon aspect before 

may usefnlly I” “"'LyTre 

the effects of ndrenalertcnny „e 4 „treBttht. 

praet.eemteehmquM.tbt«™p™e^__ 

tisaua more expeditiotialy crind the frtraeti 

parttonlar (Expt, 4. et ec.dent 

‘prtiraaTftrrrSrat. ^ 


ttvw [adenosine diphosphate |Aurj, vx^rgiubw. 
Upgtucurotiic acid and UDP} together ^th ^ 

=L Jo the levels of certain monophosphAtw 
SStine raLlpLphate (A-MP, ^ G1.P1 «d 
Lssibly of TPS . On the other hand, the lei els of 

Ei.”— 

and of Schmitt rt ol. (IW 

:55#I=S=S, 

=;„r;s-.,ssr“- 

ss:;j‘rofco^. 

described above. There 'was a striLag 

Egteu cj Mcleotidre 

decrease m the ain (Tablea I BS.i 2) 

2-3 weeks ^^^actionfs/ofTablelsbo^fd 

Reebromatograpby of frac « i ^^^cant d«tw« 

, no change in 

in OTfP (P«> f'o’ (and pocibly «»» 

, labile oomponni WfSjJaaleelorny -M! 

I for ADD it, breahtlo’‘f 1»» 

, ita level m eino mp TOPgliwrome Kni 

. morltm. The ’ ,wd deerra®*''" 

f anrl UTP (Table 2) „ rto diffiwlty tM 

adrenaleclomyl here tteK de„v,tn^ 

:. "TbtC 


<^®Tho rSolt. for 

m control tale h'h,''‘”T,°tc,miicdrats 3 iia!«»®'' 

S^r»nentw.thad.™.t«t^,t^t,b«,c<»' , 

opOTtion permita the “ 3 gay,; italw 

'»'“*‘*[baT?to'Solt of «»«““*“ “ “”■ 
dtamrfied‘>P®''“''’’®''“'“*'the uridine noeleot* 
-nia marked decroBse ‘ roradenosme»»J 

paS^i, not «8f f “ tTth* !»»■“' “fiff, 
^witia nucleot'des. “» rewHsf ' 

SthetripbosphaW- I,, change 

the amoimt of but Siaeen 

conclusions , tical difficulties, 

tides because ofanaljuca 
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the final elage of tlrymg as m the experimenta of Hurlbert 
€t al. (1054) with the aid of a mercurj’-diffmion pump to 
achieve a higher vacuum. Rechromatography of hetm- 


I 

I 

after the rechroniatography. 

in ♦>!» «ai 

nucleotidea (Sigma Chemical Cc. , St Lovila. M'l , 0.i4.A4 
and by cxatmnatwnofthe peaks with respect to the ratio of 
the extinctions at 275 and 2G0 mp. The chromatograms of 
the crude tissue extracts ehowed certain minor quahtativo 
j r — «i,„ ifoihort /< al. TrinKosoho- 


rechromatography (even with the authentic nucleotidea in 
place of the tisjue extract), but undtn^ &'.pfn>phofphst4> 



triphoiphate (UTP), and UDP and its glucuronic acid 
derivative merged with adenosine enphoaphato (ATP). 

Diphosphopyridine n«c(eoti<te (DPN’) and its reduced 
form (DPNH) were estimated in freshly excised liver 
samples by the use of alcohol dehydrogenase according to 
Spirtes S; Eichel (1954) The re ts ircre killed by decspitathn, 
the values tending to be lower if Kctnbut«( (pentobarbital 
sodium) was u«ed. 

leotopxc studies 

The number of rats used in each experiment is stated in 
the legends to the figures; in general each point la derived 
from data far two to four rats. Adrenalectoniized rats were 
always studied simultaneously with control rats (uitaot or 
sham-operated) because of possible day-to-day variations m 
environment or technique. 

In some experiments the interval between adrenalectomy 
and injection of isotope was deliberately varied. Since these 
expenraents, which are described below, showed that the 
effects of adrenalectomy were quantitatively dependent on 
the length of this interval, it was necessary to standardize 
thw where other variables were to be investigated. The 
length of the interval was J2-)5 days onleas otberirrve 

stated 

ItoUUion o/fiattwns. As in the previous study (Reid «/ «f. 
1956), homogenates of the liver samples removed at autopsy 
were centrifuged to give nuclear and cytoplasmic fcactcons. 

Turther centrifuging of the cytoplasmic fraction gave a 
mitochondnal fraction (with 'fluffy layer*), which waadis. 
carded, a raicrosoraal fraction and a supernatant fimction, 
ic the material unscdimentcd after DOioin at 14500^ 
In some experiments the latter fraction was centrifuged 
for 60 ram at 145 000g to sediment ati uttracentnfugiU 
fraction. 

In some instances supernatant fractions were further 
fractionalcil by procedures other than ultracentrifuging; 
here each point on the figures was obtained not with eevcral 


eupeznatant fractions, but usually with a pooled fraction 
from a pair of rats which had been similarly treated 
Ammonium sulphate pweipitation was earned out by 
addition of saturated (Nff»)^Oj solution at <^3®. with 
hi^'Speed centrifuging (lOiain. at 14 500g) so as to give 
aclearaupemaUnt and a compact sediment, which was not 
nasheii. Precipitation with Ca**^ ions (Schneider, 1946), by 
addition of CaC)| solution to a final concentration of 0 1 % 
CaCIf was earned nut at room temperature; high-speed 
centrifuging was not necessary- 


analyses for RXA phosphate. 

In preparing s powder for raeasureraent of radioactivity, 
the initial removal of acid-soluble and iipid constituenta 
from tissue aaraplea was usually performed with perchloric 
acid solution followed by treatment at room temperature 
with elhaDol-ethef-chloroform (2.2:1. by vol), as in the 
experiments of Littlefield, Keller, Cross 4- ZamecmkfWSS). 
ITie use of hot cthanolic solvents, as m the previous study 
(Reide/cb IDCO), was less convenient and, moreover, might 
. - - ineai 


soluble radioactivity J«co below) or when nudeat prepara. 
tions were being treated ; the latter tended to become fibrous 
if treated with perchloric acid. 

PfntiW} cf tamplu- faquid ssnipfes were dried and 
counted at slightly leas than infinite thichnm. with a. 
standard amount of earner sufficient to minimize difTerenees 
due to any vBmlions in tbe amount of tjssaesolid. Hmlbert 
A Potter (1964) used ammonium trichloroacetate for this 
purpose; but with this alone, erratic results duo to wawon 
drying have now been encountered, even with nickel 
planchcts In place of polyethylene ones. With BaSO< as an 
additional constituent, as described below, duplicates 
seldom differed by more than 5%. 

With cytoplasmic fractions, the tissue extracts, contam- 
mg 7% (w/v) trichloroacetic acid, were prepared for 
counting by pipetting 0 1 ml into the well of a polyethylene 
pIsDChet (2 cm*), followed by 013 ml. of 0 5».B»(OH), 
solution and 0 013 ml. of 2K-ir|SO« solution Finally an 
excess ofaq NUjeoln. (sp.gr. 0 gS) was added, with stirring 
•o u to disperse the precipitate of BaSO^. The contents of 
the idanchet were carefully taken to dryness by exposure for 
about 3 hr. to an infrared lamp. 

With fractions obtained by anion-exchange chromato- 



•dded to bring the total amount of formic acid present to 
1-15 m-molca (eg 0 05 ml. added if none already present; 
0 04 ml was added to effluents containing U51P). After 
addition of 0 0.5 ml of 0 5rr-B.-i(0in* solution and 0 02 ml. 
of “x-HtSOj eolation, excessofaq Xffjeoln. wa« added with 


/•ijeclton of isotope Injections were given intraperifone- 
ally unle.ss other* iso stated. In general, the dosage chosen 
was tbc lowest amount compttibie with accuracy in the 
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Di})}tosp}iop>/rii!iue nml redncetJ tUpliarjihop^- 
dine nudeotidea. Separate nimlj-aea for tKt»o com* 
pounds were jicrforincU with five paira of rata, 
each pair consisting of an intact rat onti a rat whirf» 
had been adrcnaJectomizwl 2-3 weeJns |>rt>vioiwIy. 
The mean values for DVS and DPXK in the 
controk were I'Ofi and 0 4GTng,/lG0g. body wt. 
respectively it mg. of DPX is equivalent to 2>*/ 
‘units* ns defined m Table 1). Tlie mean changes 
(with 8tan<iard error) after ndronaicctomy wero 
4-0-04 to I42and —0 05 ±0 072 rcspectivplyj these 
changes aro insignificant, 

]ncQrpomtion o / oroltc acid in nhlion to 
time after injeelhn of iaotopt 

In presenting their data for the time course of 
labeihug of tho various JIXA fractions. Jlurtbert 6 :. 
Potter (1954) remark. ’The data do not offer an 
nccurato kincHc rcconi hecauao too fuw animak 
were used to offset llio large variations in utihratton 
of tho d<»ts m theso e.X(>crjmcnts. TJio mwon for 
these I'anations has not been detewnin<Hl....* The 
more extensive data now ob(tiine<l show not only 
quite coniHtent changes uitiv time m epito of day* 
to-dny lanntions, but al^ogootl agreement svUli the 
dntftgivenbyffurJU'rti: P«»tter(l953. for tlio 
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labelling of microsomal, supernatant, nuclear ami 
aeid.solublc fracitom analogous to thow now m- 
pored. 

Microfomal and gupematant fracime. In centojf 
rata (Pjg, 1), maximal kboilmg occurred at about 
30 hr. with the supernatant fraction, and at about 
40 hr. with the microsomal fraction, iheiabellmgcf 
the latter being low in the first few Hours afiw the 
mjection, Tho labelling of both fraettona remained 
fi{(di fov ot least the next 3 ifaj-a. 

If the UNA of Uw> supernatant fraction were the 
precureor of nucrosomaJ RNA, the desceniiing 
portion of tho spccific.octivity cun e for the forraer 
Should intersect that for the lattet at its maximuro 
(ZiJversmit, Entenman & Fishier, 1943). The data 
for control rats in K»g. 1 are compatible with this 
posnbility, tho tnin'os for percentage recoierj’ 
bcmgnl'so a rough measure of specific iictinty since 
micrMomal and supernatant fractions as iww pr® 
|»arcd conlftin similar omoimts of BXA (about 
8mg./)D0g. boiJy wt,; cf. Reid, 1956; Held dfli 
I05fl) • Consideration is given brfow to the 
apparent plateau In tho weending portion of (he 
curve for tho supernatant fraction. 

• I» TaWo 5 of Pan 3 (Stcirtu 4. Reid* 1B50). the values 
refer, rwl to liSA. « ioforreett/ listed, but to RXAP* 


Table 2 lUehroimtograph^ of heteroqeneoitg ribonvdeotidtfmeiiona 
See Table 1 for ftblirciiationa and fur tnethoil of rs|waa»n/j rcaulle. Fraction nov. are thf»e indicateii m Tabfe 1 
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AdrenaJectoniircd rata (2-3 »wl« after operation) 
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• Hus experiment, la which the condition* were iwt eptnaum. h«i been OiSre^srJed m sasessing 
ectoiny on UDP aiKl tTDPgJacuwnjc aejj. 


&5 

the effect of adreial- 
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increased by 18%, wbercae 'h' etude ttaUbemF 

fortbefiratprecipilutottudforthefiua p ^ fraction 

»crelOBnd2 6%«»I»ellvcly- inilUllyinMeMM' 

Other experimentB (not illustrote ) ^ ntictMoroa 

formed reith three .StV no* been employe 

namely 33, 38 end 65 % "fd™ '“• Since httle more I 

valuer showed the seme waa precipitated ( 

expenments. tho second precipito g experiments r 

m^,ate m behaviour betneen the first itnd tlnm 

%Trn:r^ HuBoby (>®) “ .’l.'SSS “SreTat 

experimenu in which tho B o fact eho* a diff 

fraction, from mice Given P, . „iion- 'It BNA and tho ni 

Pad (0 4%) or by isoclectnc precipitation, activity ofthetai 

* "■livambiy possible to -Warn n a^, ?::;Br\t the ah 

ntMipitablo fraction with a compatatii e > fi ,^a 

* „ — at* hr.). Sin 


relntivo apocilic activity, .. .The reprodoabiM) o( 
these ftacliona was poor, but it K pMjbte to ton- 

SSthattbo.,.p.mata(itPNAt..e.BNAlc»a,» 

a small fraction whoso "'“‘'O aP""®' 
tnilUlly incteaBca much more rapidly 
of tho mi«°«°'t'“' 



initmlly increasM much more rapioij 
of the microsomal PNA.’ Acco^mgb’. 

r^tuirmtretarltwtta^ 

ttrcXrraprescnting 

foci show B differen specific 
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ct .Obtnwbon. ra.u7t|A)ol,ui«.dby Po^e.pitablc BNA, ” 'iSy(195»)-T^'''"^ 
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Control rats controh 


Control rats* 
mean value 

fNHd^O, ftactionatinn ^ 

tl 

Supferoatant CaC3, ftMtionatfon 

Ptecipitale lO I % CaCI,) 4 0 

Supemat*nt t P<10%- 

* P<5% 


+O79i:0^\ J, 

+ 005i0 123 1«> 
^„82±()339(S)t 
+ 0 63±e«®'“' 
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The labelling of the supernatant fraction was 
higher with adrenalectomized rats than with control 
rats at all times up to 13 hr., and lower at all sub- 
sequent times. However, the labelling of the micro- 
somal fraction was lower in adrcnalectomised rats 
at all times, and especially after 13 hr. or longer. 
Even if allowance is made for the previous finding 
(Reid, 1956 ; Stevens & Reid, 1956) that supernatant 
fractions from adrenalectomized rata contain some- 
what more RNA than those from controls, the 
curves for adrenalectomized rats are also compatible 
with the hypothesis that the RNA of the super- 
natant fraction is the precursor of microsomal RKA. 

One assumption underlying this postulate is that 
the microsomal and supernatant fractions are each 
homogeneous with respect to RNA. It appears from 
the following experiments that the supernatant 
fraction is not entirely homogeneous in this respect. 

Subfracdom obUitntd from supimatant fraction 
The results for aubfractions obtained by ultra- 
centnfuging are shovm in Fig 2. It is evident that 
there is no striking difference in the time course of 
labelling between the sedimented (‘pellet’) RNA 
(this bemg about ono-half of the original RNA) and 
the non-sedimented (‘supernatant’) RNA, and that 
the subfractions are equally affected by adrenal- 
ectomy except, perhaps, with respect to thelabellmg 
at 20 hr. 

In the next experiment (Fig. 3), (NHtljSO* was 
added ^ 35 % of saturation, and then to 65 % of 
saturation. The results were somwhat variable, but 



Tlm« tfttf lni«c*ton (hr ) 


• l'*'^rror*tion of orutie kcid into tb** RNA 

lAi I fraction (O) •nd »«f>cm»Unt fr»ctK>n 

(oj In mtrol r»t* ( ) *nil nl(Tn»tc<lomi»c«l iwU 

'■ • • • -l-ToWl no. of r»t«. 


n 


it does appear that at short time intert’als, in 
contrast with long time inteiwals, the precipitate 
obtained at 35 % of saturation becomes labelled as 
rapidly as the other subfractions and has a higher 
specific activity (cf. RNA values in Table 3). There 
IS no indication that adrenalectomy affects one of 
the fractions selectively w ith respect to labelling. 
However, the precipitate obtained between 35 and 
55 % of ^turation may be particularly affected w ith 



Time ifter Injection (hr.) 


Fig 2. Incorpor&tion of injected orotio acid into the KNA 
of eubfractiona eeparsted from eupemat&nt fraction, 
namely ultracentnfugol pellet (•) and ultracentrifugal 
tupernaUnt (A), in control rats (— ) and adrenal- 
ectomised rats ( ). Total no. of rats, 22. 



Time jfter injeci'cn (tr) 


Fir. 3. Incorporation of injected orotic acid into the RNA 
of subfracllon* eeparatral from supemaUnt fraction, 
namely precipitate otUined by ammonium aulphstc at 
35% of saturation (•). piroipiUte obumed from 35 ^ 

53% (A), and supernatant (■). in eontrol rat* ( 1 

and arlrmalectomitetl raU ( ) JUeh pr„„t nprr. 

amt* one experiment ; total no of rat* u»e,l prTparsljon 
of ■upernalant fraction *pivil)*. St. 
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Jncorjyoraiion of leucine in reUuion to time 
after injection of isotope 

Whole cytoplasmic fraction. It was conceivable 
that a delayed absorption of injected i>i.<leuc)ne 
after adrenalectomy was responsible for the decrease 
previously found (Reid et al. 1956) in the labelling of 
cytoplasmic protein. Since each of the cytoplasmic 
elements shared in this decrease, only the whole 
cytoplasmic fraction has now been reinvestigated. 
In the previous experiments, with an interval of 
90 mm. between injection and autopsy, tlie recovery 
of isotope (corrected for the presence of the 'inert* 
D isomer) in cytoplasmic protein was 9 % in raia 
ndrenalectomized 2 weeks previously, as compared 
with 10 2% in corresponding controls. With t- 
leucine, mean values of 7'1 and 7*26 % respectively* 
have now been found 40 min. after injection, and 
values of 9-2 and 10*7 % have been found 15 min. 
after injection, the latter high values being perhaps 
a reflexion of day-to-day variation. It was antici- 
pated that liver excised 16 min. after 'the injection 
would contain an appreciable amount of radio- 
activity in the form of free leucine; but the amoimt 
thus recovered was only about 0 1 %, this amount 
being unaffected by adrenalectomy. It is, however, 
evident that the slight decrease in protein labelling 
after adrenalectomy is manifest even at relatively 
short time intervals. 

Subfractions from microsomal fraction. Littlefield 
etal. (1956) have claimed that in the first fewmmutes 
after intravenous injection of a labelled amino acid, 
the activity of the microsomal protein which 
remains insoluble after deoxycholat© treatment and 
which is rich m RNA is markedly higher than that 
of the eolubtUzed protein. An attempt has now been 
made to ascertam whether adrenalectomy affects 
this initial labelling of the insoluble protein. 

In prelimmary experiments it was confirmed that 
a pellet consistently rich in RNA could be obtained 
by deoxycholat© treatment of microsomal fractions, 
provided that the sedimented fractions were dis- 
persed in a small volume of water before addition of 
the deoxycholat© solution rather than dispersed 
directly in the latter. In the next experiment, liver 
was oxised from control and adrenalectomized rats 
3 min after intravenous injection of labelled 
leucine, and microsomal fractions were rapidly 
isolated and treated with deoxycholate as in the 
exxieriments of Littlefield et al. (1955). In agree- 
ment with these authors, the specific activity of 
each pellet was higher than that of the correspond- 
ingsupematant (Tables). However, theindividual 
rat© varied so widely that it was impossible to 
assess whether adrenalectomy had any effect on tb« 
labelling. There was no consistent effect of adrenal- 
ectomy on the yield or RNA content of the pellet or 
supernatant. 


Incorporation of orotic actdandofkueint in 
relation to time after adrtnahdomy 
In the following experiments, adrmalectomiied 
rata were studied at different times after operation- 
in isotopic experiments the time after injection of 
isotope was standardized as stated m the Expen- 
mental section. 

Amount and labelling of ribonucleic acid. It u 
evident from Fig. 6 that the effect of adrenalectomy- 
in increasing the amount of RNA in the supernatant 
fraction is not manifest 1 day after operation, but is 
fully manifest at 3 daj-s. The increase in the uicor- 
poration of orotic acid into the RNA of the super- 
natant fraction is already manifest at 3 days, but 
continues to increase with time. On the other hand, 


Table 5. Labelling of microsomal subfraetions 
3 min. after intravenous infection of leucine 


protein (the counting being at mfimte thickness) 



LeoxTcholale Deoxychobk 


pellet 

sopemsUnt 


24 

0-55 

hli 

(Sham-operated 

053 

0-17 

Adrvnalectomued rats 

2-4 

0-34 

0-66 


057 

013 


2-3 

H 
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jection, for thf* ratio of t!ie specific activity of the 
non-aclsorbed RNA to that of the RNA eJuted from 
the gel by 0-15M-NajHPO« solution. 

Nwcf«ar /faction. Data for nuclear fractions, 
containing any cells left unbroken, after the two 
treatments in the homogenizer, are given in Rig. 5. 
In view of tho heterogeneity of the RNA m this 
crude fraction, no conclusions can be drawn from the 
recoverj' values, or even from specific activity 
values, concerning the possible role of nuclear RNA 
as the precursor of cytoplasmic RNA. It can, 
however, be concluded that the increase in the 
labellingof supernatant-fraction RNAafteradrenal- 
ectomy is not attributable to mono rapid entry of 
label into nuclear RNA with consequent faster 
transfer to the supernatant fraction. 

In a few expenmenta, crude nuclear fractions 
were treated repeatedly with citric acid solution as 
in the experiments of Mclndoe & Davidson (1952) 
With these partially purified nuclei, os with the 
crude fractions, there was no indication of on 
increase in activity after adrenalectomy at the 
times studied (1, 4 and 20 hr. after injection). 

A«d-«olu6le/raction. The recovery of activity m 
this fraction, as shown in Fig. 6, wasnot consistently 
higher after adrenalectomy. Evidently adrenal' 
ectemy doee not increase the proportion of injected 
orotic acid which enters the Uver. It was of interest 
to know whether the pattern of labelling of the 
various constituents of the acid-soluble fraction is 
altered by adrenalectomy. Anion-exchange chro- 
matography was therefore carried out with tissue 
excised 40 nfin. after injection of orotic acid in high 
dosage (Table 4). At this tune the labellmg of 
c>*tidine derivatives, which are present m relatively 
small amounts (Hurlbert & Potter, 1954), is low in 
comparison with that of uridine derivatives (Hecht 
& Potter, 1966). From the few esperiioents pet- 
formed, it appears that the rate of conversion of 
orotic acid into uridine derivatives is unchanged or 
possibly somewhat decreased after adrenalectomy. 
Orotic acid given in Vow dosage is not detectable m 
the liver even 30 ndn. after injection, its conversion 
mto Undine compounds being very rapid (Hurlbert 
& Potter, 1952, 1954). Its identification m the liver 
extracts now studied was based on its position 


(judged by the radioactivity and compared with 
that of authentic material) on the anion-exchange 
chromatogram and on a subsequent paper chro- 
matogram with the propan-2-ol-water-HCl solvent 
of Wyatt (1951). In the former system orotic acid 
was not separable from ADP. 

Labelling of liver deoiyrifronucl’etc acid and of 
ktdney ribonuclete acid. With the short time interval 
(135 min.) employed m the previous study (Reid 
el al. 1956), the labelling of liver deoxyribonucleic 
acid (DNA) was very low, and that of kidney RNA 
was too variable for any effect of adrenalectomy to 
be raanifest. These aspects have now been remvesti- 
gated, with the same dose {8 /ic) but with a longer 
time interv'al (20 hr,). It was again found that the 
labellmg of DNA was barely measurable, as also 
found by Hurlbert & Potter (1954), and that the 
labelling of the RNA m the whole kidney or m the 
supernatant fraction was very variable. 



Fig. S. Incorporation of injectod orotic acid into the RKA 
ofihe nuclear fraction (O). sad recovery of radioactivity 

in tbs acid-BoIuble fraction (A), in control rats ( ) and 

adrcnalectomued raU ( ). Total no. of rats, 16 

(nuclear fraction) or 30 (acid-soluble fraction). 


Table 4. Radioactivity of constituents of acid-soluble fixtction of rat fiver after large doses of orotic acid 
were killed 40 min. after injection o{t6-**CJototic acid. Tecluuquea used for chromatograpby and for measuring 
^oactinty are described in the text; techniques m Espta-C and A differed in minor respecta from those in O' and A'. 
» ‘lues for the constituents (see Table 1 for abbreriations) represent percentage recovery of injected isotope. 


Omtrol rata 

Expt. 

UMP 

Orotic acid 

UDPacetyl- UDP. 

glncosandne, UDPglucutonic 
UOPglucose acid 

C 

2-4 

0-4 

26 — 


O' 

145 

IS 

J'6 05 

Adrenalectomized rats 

A 

125 

2-4 

2-1 0 3 


A' 

1-45 

1-75 

1-5 — 
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earlier experiments that liver contains a 'pool* of 
uridmo nucleotides which rapidly become uni- 
formly labelled after injection of orotic acid (Hurl- 
bert & Potter, 1954; Schmitz, Huribert & Poller, 
1954). The vie^r that orotic acid, despite its apparent 
absence from norma! liver (Huribert & Potter, 1953, 
1954), is a physiological precursor of uridine 
nucleotides is supported by evidence from other 
laboratories (Lieberman, Komberg & Simms, 1955; 
Huribert <t Reichard, 1955; Wu & Wilson, 195D), 
Orotic acid is also a precursor of cytidine nucleotides, 
although the study of this conversion is handi- 
capped by the difficulty of analysing the relath'cly 
small amounts of these nucleotides in h v’cr (Huribert 
& Potter, 1954). 

It has now been shonm that at least some of the 
undine nucleotides arc markedly decreased m 
amount 2-3 weeks after adrenalectomj*. That this 
observation does not hold for adenosine or guano- 
sine nucleotides is suggested by the data for AMP 
and GMP, the amount of the former being actually 
greater after adrenalectomy. The changes in uridine 
nucleotide levels may have wide implications wdth 
respect to processes such aa glucuronido synthesis 
Hero it need only be pointed out that if undine 
nucleotides ore in fact immediate precursors of 
supernatant-fraction RNA, os is discussed belo%v, 
an increased incorporation of injected orotic acid 
into this RNA does not signify an increased rate of 
synthesis of RNA unless the increase in incorpora- 
tion outweighs the decrease m the uridine nucleotide 
pool Consideration of Table 2, together with Fig. 0, 
suggests that the rate of synthesis of supernatant- 
fraction RNA 2-3 weeks after adrenalectomy is 
mcreased not by about 100%, as Fig. 0 would 
suggest, but by l«*ss than 30 %. That some increase 
dpea m fact occur is indicated by the data obtained 
3 days after adrenalectomy, aa la discusseil below. 
(If supernatant-fraction RNA is formed, not from 
nucleotides but from nuclear RNA, the increased 
labelling of supernatant-fraction RNA may truly 
reflect increased syntbesia, since adrenalectomy 
tends to increase, rather than diminish, the amount 
of RNA in the nuclear fraction [Reid, 1956J.) 

Obviously there may be other variables which 
could affect the interpretation of incorporation 
values m terms of rates of RNA synthesis. Adrenal- 
ectomy might conceivably have altered the rate or 
extent of the conversion of injected orotic acid into 
uridine nucleotides m liver. However, thepossibflity 
that adrenalectomy increases the amount of isotope 
entering the liver is ruled out by the results for the 
acid-soIuble fraction (Fig. 6), the radioactivity of 
which is largely attributable to uridine nucleotides 
(Huribert <t Potter. 1954). The results for radio- 
active uridine nucleotides m this fraction (Table 4), 
40 min. after injection of orotic aCid in a high dosage 
such that Jifee orotic acid could be detected in the 


liver, suggest that the formation of uridine nucleo- 
tides is slowed rather than accelerated by adrenal- 
ectomy. Evidently, increased recovery of labelled 
material insupematant-fractionRNA afteradrenal- 
ectomy is not a consequence of a rise in the number 
of radioactive molecules in the acid-soluble fraction 
Since the amount of RNA in the supernatant 
fraction has already risen to a maximum 3 daj-s 
after adrenalectomy (Fig, 6), an increased rate of 
sj'nthesis of this RNA 2-3 weeks after adrenal- 
ectomy must be balanced by aft increased rate of 
catabolism. This conclusion is compatible with the 
data of Fig. 1 and with data for nbonuclease levels 
(Reid & Stevens, 1056 ; Stevens & Reid, 1955) which 


will be discussed m a later paper. 

It docs appear that the increase in the amount of 
RNA occurring as an initial effect of adrenalectomy 
is attributable to increased synthesis rather than to 
decreased catabolism (Fig. 6 and Table 6), the 
uridine nucleotide pool being then elevated (with 
no increase in its labelling). This increased syn- 
thesis might be due to an increase in the amount 
of the enzyine(8) concerned in the formation of 
RNA from ri^nucleotides, Paoust & CantcN 
(1955) suggest that ‘the rate-limiting st^ in the 
synthesis of nucleic acids is not the formation of free 
nucleotides but rather the building up of nucleic 
acids from individual nucleotides’. The dstaoi 
Table 7 arc not incompatible with thh view. 

As Huribert i: Potter (1954) have pointed out. tne 
time course of Ubellmg of the different fractioM 
(cf. Figs. 1. 6) is compatible with the view tMt 

nuclearBNA u fomiMl from *, "j!' 

nucIeotidM, but dors not reggest e. 
ship bettreen the letter and cytoplasmio 
been Msumed in the .hove tooMm 
gestion that nuclear RNA is the <>'»» “ 

of supematant-fraetion RNA (Jeenet A Stafm. 
1850) is not supported by observations from 
laboratories (Bamum, Huseby 
Sinellio, Mclndoo, Logan. David^n A D 
1953 ; S«:fa, A Samarth, 195 S.- Braehe , 
although SmelUe el o! rccogniM ^ 

nueleaf RNA eontanei 

which may be auch a precurs • ’ _,nua at 

possible that the supernatant fr“‘'™ ^ 

1 ^. tea. tvoes of RNA, one of aht* a m 


e sapematanl fraction, A 

linarv experiments mentioned by^ 

' sub- 

» tbeir 

N • 

vitro. Studies in which ‘“'A “ Xiibe"' 

ixed time after isotope injection and 


(706) 



ADRENALECTOMY AND RIBONtlOLEIC ACID METABOLISM Vol. 67 


the incorporation into the inicrosornal fraction js 
undunmished after 3 days, but subsequently 
decreases. 

Amount and labelling of protein. Re-examination 
the data of Reid et al. (1956) showed that adrenal- 
ectomy had consistently decreased tiie amount of 
microsomal protein as judged hy the yield of the 
residue remaining after removal of acid-soluble 
matenal and lipids. As is now showm (Fig. 6), both 
this decrease and the decrease in the incorporation 
of leucine into the protein of the microsomes or the 
whole cytoplasm become manifest gradually, no 
decrease occurring only 3 days after operation. 

Cataholiam of ribonucleic acid 
The possible effect of adrenalectomy on the 
catabolism of RNA cannot readily be assessed from 
the data of Fig 1, the amount of RNA -and its 
apparent rate of synthesis bemg themselves 
affected by adrenalectomy. The following approach 
was adopted. Adrenalectomy was performed 8 hr. 
after injection of isotope, preaumahly without effect 
on the time or extent of maximal labelling since, as 
was shown in Fig. 0, the amount of RNA in the 
supernatant fraction is not increased I day after 
operation. During the following 2 days the amount 
of this RNA rises to a maximum. If this rise were 
the consequence of a decrease in the catabolism of 
RNA, supernatant fractions prepared from the 
odrenalectomixed rate after a few days’ interval 
should have retained their labelling more fully than 
those from controls. 


Tabled. Catabolism o/ ribonucUic acid 
ehorthj after adrenaleelomy 
Experifflfntal rats were adrenalectomued, and the 
control rata abam-operated, 8 hr after injection of 2 ZftC 
of orotic acid; the rats were lulled after 6 days. Values 
represent percentage recovery of injected isotope 


Control rau 


Adrenalectomized rats 


Microsomal 

fraction 

69 

42 

60 
4 96 

41 

40 


Supernatant 
fraction 
3 75 
3-45 
32 


2 35 

3 95 


As ia shown in Table 6*, the labelling of the super- 
natant fraction after 5 days was no greater for the 
adrenalectomized rats than for the controls. The 
labelling of the microsomal fraction was also little 
affected, as would be expected in view of the obser- 
vations that adrenalectomy does not affect either 
the amount of nucrosomalRNA (Reid, 1955), or its 
labelling shortly after operation (Fig. 6). 

Effect of massive doses of orotic acid on 
liver Txbonudeic acid levels 

It ia possible that orotic acid, or a uridine com- 
pound derived therefrom, is alimiting factor in RNA 
synthesis. To test this possibility, analyses for 
RNA were performed on livers from intact rats 
given massive doses of unlabelled orotic acid. 
Table 7 shows that this treatment appeared to 
increase markedly the amount of acid -soluble RNA 
precursors, as judged by the ultraviolet-light 
extinction at 260 m^i. The amount of RNA m the 
supernatant fraction was slightly mcreased, but 
that m the liver as a whole tended to decrease. 
Preliminary chromatographic studies with the 
acid-soluble fractions mdicated that the increase in 
extinction was largely attributable to an increased 
amount ofnon-acidic material, possibly nucleosides. 

A possible interpretation of these data is that the 
increase m supernatant-fraction RNA occurred 
only by virtue of enhanced breakdown or depressed 
formation of RNA elsewhere in the cell. Although 
the amount of RNA in the supernatant fraction did 
increase in response to administration of a uridine 
precursor, it is nevertheless- possible that the in- 
corporation of undine nucleotides into RNA in 
normal rats is to some extent limited by the amount 
of the enzyme or enzymes concerned. 

DISCUSSION 

It IS probable, although not proven for liver, that 
nucleic acids are formed at least in part from 
nucleoside S'-diphosphates fpyTophosphales) or 
6'-triph05phatea (Gninberg-Manago, Oritr & Ochoa, 
l955;Kombcrg, Lehman, Bessman & Simms, 1956). 
Potter, Hecht &. Herbert (1956) have achieved 
synthesis of liver RNA in vitro with “C-lobelled 
orotic acid or UMP as precursor, liaving showTi in 


Table 7. Effect of masaitv doaea of orotic acid on Itver-ribonucleic acid levels in intact rata 


Tbs Ust tolawn pres the mean AiCennera (treated rata minus control*) ± s x. of diffrtenw* (»iih no. of drjwi of 
freedom In psirnlheew). 

Control raU: Rats treated nith orotic arid: 
mean value mran difference from controli 


Eilinction at 2G0 iSft of acid-aoluUe fraction, 
diluted so that 111* rcjulralnit to ICO g. body wt. 


0^204 +(H)OTiCr010C (18)« 


RS-A.»„100,. 


5t-0 -3 14-2 52(17) 

"<• el-OiO-tdtlfijt 

t rc6%. 
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and possibly in uridlno diphosphate glucose, but 
not in liver nucleotides in general. 

2. Microsomal and supernatant fractions bax*© 
been isolated from. liver at dilTcrcnt times after 
injection of labelled orotic acid. The results confirm 
that the labelling of the ribonucleic acid of fho 
microsomal fraction is decreased after adrenoh 
ectomy and that of the supernatant fraction in- 
creased, and aro compatible with Iho possibility 
that ribonucleic acid in tho supernatant froction is 
a precursor of microsomal ribonucleic acid. 

3. Supernatant fractions containing labelled 
ribonucleic acid have been fractionated by sevorol 
methods, two of which have indicated heterogeneity 
in this ribonucleic acid with respect to tho Umo 
course of labelling. However, tho labelling of tho 
dilTorent subfraetions was equally afTcctcd by 
adrenalectomy. 

4. Tho labelling of nuclear and acid-eolublo 
fractions, and of uridino nacleotidca aopamted from 
tho latter, shows no increase after adrenalectomy. 

C, Tlie labelling of microsomal ribonucleic odd, 
the lobclling of cytoplasmic or microsomal prbtein 
with leucino os precursor, and the amount of micro- 
somal protein are unthmmishod 3 days after 
odronalectomy but decrease thereafter. Tho incrcoso 
in the labelling of eupernatant’froction ribonucleic 
acid is already apparent 3 days oftcr adrenalectomy, 
together with a riso in tho omount of this ribonucleic 
ocid which evidently occurs because of an ineroas© 
m synthesis rather than a decrease in catabolism. 

The experunents were comtnrnced during the tenure of 
A Fellowihip of the Bntuh Empire Cancer Compaq 
(E.R.), funds for the purehoM of tn ultrariolet-light 
spectrophotometer were also prorided by the Campaign. 
Tbs isotopic experiments were perform^ in the Radio- 
isotope Laboratory of the Institute at Chalfont St GJes, 
Bucks, by courtesy of Professor J. A. V. Butler, F.B.S. 
Thanks are expressed to Mr R- T. Charles. Dr P. Cohn, 
Mr J. T. Nodes and Sirs J. Q Tapley for assutance in various 
respects, and to Dr V. C. E. Bumop for preparing the 
labelled orotic acid The study of tho effect of large doses of 
unlabelled orotic scid was made at the suggestion of Dr A h. 
Gfcenba urn of University College London. ITieujvestigation 
was supported by grants to the Chester Beatty Research 
Institute (Institute of Cancer Research! Bojal Cancer 
Hospital) from the British Empire Cancer Campaign, the 
Jane Coffin Childs Memona! Fund for Jlcdical Research, the 
Anna Fuller Fund, and the National Cancer Institute of the 
National Institutes of Health, U.S Public Health Service. 


REFERENCES 

Awapara, J. & Kit, S. (1954). JTndocnnoIopy, 65, 186 
Awapara, J.,SkelIenger, W & Manz, N. (1955). Ttx.lUp- 
Bwl. J/«d. IS, 1. 


Bamum, C. P. & Huseby. R. A. (1950). drcA. Biothm 
28,7. 

Baraum. C. P., Huseby, R. A. & Vermund, tt (1953) 
Caneer Xu. 13, 8S0. 

Brachet, J. (1050). In Jonmnff Xadlatimi and Ctll ileia- 
holim, Ciba Foundation Symp. p. 3. London. J. md A. 
QiiuchUl. 

Daoust, R, A Cantero. A. (1935). CanetrSa.ib, W. 

Cninberg-SIanago, 31., Oritz, P. J. 4 Ochoa. S (1955) 
Satnet, 122. 907. 

Ilecht, L. I. 4 Potter, V. R (1956). Carutf Ba J8, 

OM. 


Ilurlbert. R. B. & Potter, V. R. (1952). J. JW. Chm.W. 
257. 

Hurlbert, R. B. 4 Potter, V. R. (195(). J. hidt. Chm. 
209.1. 

Ilurlbert, R. B. 4 Relchard, P. (1955) Adathtm-Kand.^, 
251. 

Ilurlbert, B. B., Schmitz, II., Brumm, A. F. 4 Potter. T.R. 

(1054). J. hid. Chem. 209, 23. 

Janictxky, C. D. 4 Bamum, C. P. (1958). Ftd. Proc. 15, 


Jeener, R. & Szafarz. D (1950). Arch. Sioe^em.2%h1. 
Koenberg, A., Lehman, 1. R., Brasman, kb J. 4 SinmaE S. 

(1056). Bioefiin. biophyt. Acla, 21, 197. 

Korocr, A. 4 Debro. J. B. (1956) A'etvre, Land. 175, 
1067. 

Ueberman, I., Komberg, A. 4 Simms, E. S, (1955). /• M. 
CW 216. 429. 

Littlefield, J. W., Keller. E. B., Creos, J. 4 Zamecmk, P, C. 

(1955) y.Wo/.CAfTa.217, in. , 

Logan, R. 4 SmcIJ.e, B. 31. 8 (1956). Bwhim. hmt. 

Aria, 21, 02. . 

3fcIndoe, W, M. 4 Dandson, J. N. (1952). Bnt. J.Canter,«. 

Mold.’.., K, 4 iwdelbtrstr, 0. (19M). J. Amir. thm-Soc. 

76, 670. , 

Potter, V. R.. Hrcht. L. I. 4 Herbert, E. (1956). 


biopbyi, Ada, 20, 439. 

Reid. £.(1055). Ne;iirf,Io!ul.,n5.46\. 

Reid. E. (1958). ,/.Knd«Tia. 13. 319. 

— ^ I, V * Burnop, 


. . »• .' <icn'«,14.xb. 

, . , ' bid. Chm. 223, 

ScStt I!., Hurlbert, B. B. * 

J. bid. Chtm. 209, 4l> . ,.rt, n Jf 

Schmitz, H., Potter, V. B.. Hurlbert, B. B. & 

( 1054 ). Cancer Ru. 14 , 66 . 

Sduieider. W. C. (IS46), J- 1«. Ohm- «8, » 

5ni.ll.e. K. M. S , Wuludo., W. M., Iu>g.«, 

J. N. 4 D.w.on. I. M. |d»53). Bmhm. d. 54. 2M 
Spirt.,, M. A. 4 Hechel, H. J. (1954). Art* 

BiopAys. 63, 303. / aj 735 

iU,™-.. B. 11. 4 E.,d. E. (1956). ■ 

iVu. R. & Wilson, D. W. (1956). J. bid. Chm. 223. 
[Vyatt,0 B.(1951). JBioehem. J. *S,b8i. 

Mve^it, D. B.. Entenman, C. & Fishier. 31. C {!««) 
J. gat. Physid. 26, 325. 


(708) 


ADRENALllCTOMY AND RIBONUCLEIC ACID METABOLISJI Vol. 67 


ately degraded, the products differing in specific 
activity values, have been reported by Saclcs & 
Samarth (1956), whose interpretation of the resulta 
is, however, open to question, and by Moldave & 
Heidelberger (1954), who found ‘intramolecular 
heterogeneity’ with respect to the labelling of BNA 
phosphate (and gvmmnot) but not, in the super- 
natant fraction, with respect to that of adenme and 
pjTimidines after injection of labelled glycine and 
orotic acid. 

The differences in labelling between the sub- 
fractions in the present experiments, together with 
the ‘plateau’ in the ascending portion of the curve 
for the whole supernatant fraction (Fig. 1), suggest 
the presence of two types of BNA, one of which may 
bo the precursor of the other, the labellmg of both 
types being enhanced by adrenalectomy. More 
rigorous fractionation will be required »f the criteria 
of Zilversmit et al. (1943) for a precursor-product 
relationship are to bo met. With orotic acid there 
is the inherent difficulty that BNA cytosine, as well 
as uracil, becomes labelled at long time intervals 
after isotope injection (Hurlbert Si Potter, 1954); in 
the nuclear fraction from regenerating liver the 
BNA pyrimidines have become equally labelled at 
13-24 hr. after isotope injection (Hecht & Potter, 
1958). 

Despite the latter complication and the probable 
heterogeneity of the BNA in each of the cellular 
elements, some evidence has been obtained in 
eupixirt of the postulate that microsomal BNA is 
formed from supernatant-fraction BNA (Jeener & 
Szafarz, 1950, Bamura <t al. 1953). BTiereas the 
specific activity values for microsomal and super- 
natant fractions after injection of ”P showed no 
maxima in the experiments of Barnum et al. (1953) 
and similar maxima in the exponmenta of Smellie 
el al. (1953), the microsomal fractions now studied 
ha%-o shown a maximum, albeit broad and late, 
which LI intersected by the descending portion of 
the curve for the supernatant fraction (As hiw 
boon pointed out above, the cur%’cs of Fig 1 can bo 
rt-gartlo<i an representing specific activity as well as 
percentage rceos-cry.) Moreover, in the experiment 
of Table 7 the preferential increase in eiipcmatnnt- 
fraction BNA stiggrals that the sjntliesis of this 
BNA prreeties that of BNA elsewhere in the 
cytopbwm. 

Clom-r eonsidcrntion of the wolopic data from the 
hmetic a«i>ect miHt await study of each fraction 
■With rrspi'ct to the amounts and 8i«ecifieiirti\ it»"»nf 
BNA c>-?lmino and uracil. It ma>, ho«e«rr. lie 
poiniMout tlint at short time inten'nU after 
injection the spi-cific aotiiity of the BNA in the 
supernatant frarl ion w a* somew liaj inereA^Hi after 
•'ImuiWtoin) , as m the pre^nmis exfv-nmentM 
(Iteid rl ol. The suppnw^l tramlocntion of 

BNA from llie supemAtant friirtion lo tin- tmcni- 


somol fraction may therefore be retarded more than 
is suggested by the reduction in percentage of 
isotope recovered in the microsomal fraction. 

The reduction m microsomal labelling, unlike the 
increase in the labelling of the supernatant fraction, 
is a late effect of adrenalectomy. From this observa- 
tion and also from the data for short time intervals 
in Fig. 1, it can be concluded that the enhanced 
labellmg of the supernatant-fraction BNA could 
not be due merely to a decrease in its supposed 
translocation to the microsomal fraction. BTiatever 
the origin of microsomal ENA, it is evident that the 
lack of adrenal hormones affects the processes of 
cytoplasmic BNA synthesis at two separate points. 
That adrenalectomy also affects the synthesis of 
nuclear BNA is suggested by the results of Fig. 6, 
considered together with the fall in the amounts of 
undine nucleotides (Tables 1 and 2) ; this fall in the 
pool of supposed precursors of nuclear RNA implies 
that the sjTithesis of this BNA is diminished more 
than IS suggested by the slight diminution in the 
labelling of this RNA. 

The decrease m microsomal labelling shows a 
striking parallelism, in its gradual onset oftcr 
adrenalectomy, with the decreases in the incorpora- 
tion of leueme mto protem and m the amount of 
microsomal protem (Fig. 6). Smee the rise in the 
labelling of supernatant-fraction BNA is much 
carber, it is probable that at least some of this BNA, 
unbko the BNA m the microsomal fraction, is not 
directly concerned in protem synthesis. Admittedly 
It has not been proved m the present experiments 
that the small reduction in leucine incorporation 
truly signifies a fall m protein synthesis; but the 
absence of o significant effect of adrenalectomy on 
the poo) of leucine m liver (Awapara, SkeUenger «t 
Manx, 1955} or on ammo acid absorption by the 
liver (Awapara 4 Kit, 1954) argues in favour of this 
intciqiretation. 

‘Microsomal’ material ns prepared in some 
laborotenea comprises both the microsomal fraction 
and the uUraccntnfugal fraction os now prepared. 
The ilivergenco between these fractions ob«»er%’ed 
by Beid « ol. (1956), with respect to tho change in 
the incorporation oforoticneid after adrenalectomy, 
lias now been confirmed (Figs. 1 and 2). A similar 
di\-ei^nee low been ob«w>rved by Janletzky 4 
Baronin (1050) in a »tu«Iy of BNA formation m 
regenerating Inx-r, 

SUMMARY 

1. Adrenalectomy lenil-i eventually to it mnrketl 
ili-ereoae (exceeding 50%) m t)io IcveN. in rat liter, 
of uridine O’-phosphate. undine 
(•pyroplimphale)and ilagtueiiromenrid d>-n\iilit o. 
and undine tnj>Jio«pbHte llien* »« al»o iK»me de- 
crease m uriilme diphcwjifmte art tt Iglueceutmino 
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The muscle was immediately immersed in cold saline when it was excised. After it was 
weighed, the cold tissue was homogenized in 0.5N pcrchloric'acid. The neutralized supernatant 
was then placed on a simple, formate, ioo'exchange hand column (Fig. 1 ). After this sample was 
placed on a column pVepared from Dowex X-10, 200 to 400 mesh resin, the solutions listed in 
Tabic I were added in succession and 5 ml. fractions collected separately. Optical densities at 
260 and 275mp were determined, utilizing a model DU Beckman spectrophotometer, from wluch 
quantitative estimates of nucleotide fractions were made. In 2 of the samples, the adenosine 
nucleotide fractions were lyophiltzed, separately replaced on columns, and the eluents shown in 
Table 11 were passed through each (Pigs, 2, 3, and 4). 



yjg Xb* simple bend column which was used In the atudz. 


Tabue II. AujtomuM Formate Svstcm 


COOH 

U 

NUUBER OF 
TUBES 

NRs COOK 

M 

NUMBER OF 
TUBES 

NHsCOOH 

M 

number of 

tubes 

0 

0 05 1 

0 15 1 

0 20 

0 23 

0.25 i 

0 30 ' 

0 35 ' 

0 38 1 

4 

4 

4 

4 

4 

4 

4 

5 

5 

0.40 1 

0.45 

0.50 

0 55 

0.60 

0 63 

0.65 

0 67 

0.70 

5 

S 

7 

7 

S 

5 

5 

5 

5 

0.75 

0.80 

0.65 

0 90 

1.0 

1 2 

1.3 

1.5 

2 0 

5 

5 

5 

1 5 

, 4 

4 

3 
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NUCLEOTIDE LEVELS IN HUMAN CARDIAC MUSCLE 


Walter J. Burottte, Ph.D., M.D.* 
London, England 


T he chemical events during contraction of cardiac muscle are of sufficient 
interest to justify inquiry into the quantitative relationships of those com- 
pounds involved in transfers of energy associated with contraction. In this 
connection the determination of nucleotides in human muscle would seem to 
provide especially useful information, and a series of studies have been carried 
out to obtain the desired data. When auricular muscle was obtained at the time 
of cardiotomy and fractions of homogenate were separated by ion-exchange 
columns, it was found that sufficient quantities of nucleotides were recovered to 
yield a fairly consistent quantitative picture. The results obtained with samples 
from 10 hearts are reported. 


METHODS 

The principles ol anion exchange chromalography described by Cohn’ and the system de- 
vised by Hurlbert and associates* and Potter and associates* i^ere utilized in separating nucleo- 
tides from acid extracts of fresh, homogenized, human myocardium. Samples were obtained 
from 9 female patients at the time of valvotomy for tnitrai stenosis and from 1 (Sample 3) with 
mitral insuSiciency. The average age of the patients was 35 years, with ages ranging from 23 
to 45 years Seven of the patients (Samples J, 2, 3. 6, 7, 8, and 9) were digitalized at the time of 
surgery and 2 uere hbrillating (Samples 1 and 6). Curare and Pentothal Sodium were adminis- 
tered to the first 8 patients and cyclopropane and ether to the last 2 One patient (Sample 3) 
died on the third day after a pericardial sHng was inserted for the treatment of mitral insufficiency 
The remaining patients left the hospital in good condition. 


Table 1. FoRuic Acid System 


H COOH 

KH« COOH 

NUMBER OF 

H CPOH 

NHi COOK 

NUMBER OF 


11 

TUBES 


M 

TUBFS 

0 005 

0 0 

5 

2 2 




0 0 

6 

2.5 

0 0 



0 0 

8 

3 0 

0 0 



0 0 

3 

4 0 

0 0 



0 0 

3 

4 0 

0 05 



0.0 

7 

4.0 

0 15 



0 0 

7 

4 0 

0 3 



0 0 

3 

4 0 

2.0 

5 


Prom the Chester Beatty loatltute for Cancer Beeearcb, and the Drompton Ilosnltal London 
Rnttand. 
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Welfare. U.S P.H S . Bethewla. Md. 
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' RESULTS 

The average, total' amount of acid>so{ub!e nucleotides extracted iras 25.6 
^ 1.7 M X per gram wet weight of auricular muscle. The appearance of the 
graphs of optical densities may be found in Figs. 2, 3, and 4, and the amounts 
of adenosine nucleotides determined arc recorded in Table III. The adenosine 
nucleotide fractions were identi/ied by' using the two systems of eluents (Tables 
1 and 11) and comparing the position of each fraction to that of known samples 
of adenosine monophosphate (AMP), adenosine diphosphate (ADP), and adeno- 
sine triphosphate (ATP) obtained from commercial sources. The average amount 


m 1 


MCsn 


•• 

li V 




LjL 1 



Fie- 3 — SpectropLotometer leftdiogs (Em«A“I) of «^ples yeast Tbe 

t9-10). myocardium of the rat, auemT-^retUoseof tbe formic add 

eampio of ADP Is contaminated conslderaWy with AMP. Elueavswete 
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Ft« 2 — Tb« •p«ctrophotainet«r iT«(lLnK <Ki>i/tnI ) of from homogeoates of huiiun hrarta 

(1>8) Elurnta wrro thoso of tbe formic add critcni Bb*d«d area irpiracota the abtorptioa duo to 
formic acid and ammonium formate Tbo >' fraction l> tba density of aqueous washings Of the prepared 
column, and tbe S fraction 1* the deflsitr of tbo Initial liquid recoTcred when tbe sample is placed on 
the column The ratio t* approifmateljr O 4 for adenosine ouclfotldee, 0 0 for urldin nucleo* 

tides, 0 7S for gnanotine nucleotide*, and 1 to 2 for cytoeSne nncleotidee <■* 
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prominent role of adenosine nucleotides in phosphate-bond exchange of enern- 
during contraction of the human myocardium and demonstrate the feasibility 
.of direct investigations on fresh muscle in man as a supplement to indirect meth- 
ods and studies on animals. 




Fig 4.— The lyophilixed fracUons of AMP, ADP. *nd ATP from the formic »cid-*mmoiiIum f^ 
mate separationa of Sample IQ were placed on colomn* and recoTcred by means of the ammonium 
eystem They are compared to known aamplee of AMP, ADP, and ATP from commercial aourcw 
this figure The commerdal preparaUon of ADP also contains AMP, and that of ATP contains 
AMP and ADP, 


CONCLUSIONS 

1. Acid-so’uble nucleotides are present in human cardiac muscle in quantity 
sufficient for measurement in the amount of myocardium provided by an auricu ar 
biopsy. 

2. The distribution of these fractions is similar for the myocardium of man, 
dog, and rat. 
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of AMP found was 6.6 =fc 0.8 M X 10-' per gram; the average quantity of ADP 
was 3.3 ^ 0.4 M X 10*' per gram; and the mean value of ATP was 2.8 =*= 0.6 
M X 10'* per gram wet weight. 

DISCUSSION 

Peaks of absorption for the eluate were fairly constant in relation to con- 
stitution of eluent, and relative concentration of various nucleotides was consist- 
ent enough to justify confidence in the reliability of the procedure. The frac- 
tions from human myocardium were similar in position to those obtained when 
optical densities of fractions from the ventricle of the rat and dog* and auricle 
of the dog were determined, but differences in constitution were noted when these 
values for the myocardium were compared to other tissues such as Hver.* No 
correlation was found between the amount of specific nucleotides in various 
samples and the age of the patient from whom the tissue was taken, the presence 
of fibrillation, or the administration of digitalis. The fact that the sample from 
the only patient expiring in the postoperative period also contained the smallest 
amount of ATP is interesting.* The ratio ATP:ADP:AMP in the study was 
I.0:1.2:2.4, whereas ATP was more abundant (2.6 times) than AMP in similar 
studies on canine auricular muscle. Also, the content of adenosine nucleotides 
in the canine ventricle was approximately 3 times that in the auricle. An ad- 
vantage of the gradient elution* system used is that it reveals a spectrum of acid- 
soluble nucleotides rather than isolating selected compounds, and examination of 
Figs. 2 and 3 verifies the presence of nucleotides other than the adenosine system. 
Cytosine, uridin, and possibly guanosine nucleotides are probably among those 
present. Functions similar to those of the adenosine nucleotides would seem a 
reasonable assumption. Recent evidence that the enthalpy change of ATP 
hydrolysis is much smaller than previously reported* gives added significance to 
the presence of other systems which may contribute to the energetics of contrac- 
tion, Also, they may not only act as coenrymes but may also contribute to pro- 
tein synthesis as well. The results obtained (Tabic III) confirm the presumed. 


Table III Nccleotide Content of Human Carduc Muwxe 


UEABT 

KCUOEK 

SAMtXE 

wEicriT 

(crams) 

AMT* 

ADF* 

ATP* 

TOTAL 

NUCLEOTIDE* 

1 

0 530 

5 83 

2 62 

>63 

23 45 

2 

1 655 

6 90 

3 02 

1 58 

22 25 

3 

0 631 

2 50 

0 36 

0 00 

19 58 


2 251 

4 44 

2 00 

1 07 

20 54 


2 694 

10 02 

4 09 

1 44 

25 11 

A 

0 926 

8 09 

4 08 

1 62 

27 82 


0 917 

9.58 

3 99 

2 18 

28 77 


2. 011 

10 29 

3 24 

0 11 

25 18 

9 

1 636 

3 64 

5 69 

13 22 

39 30 

10 

1 917 

4 81 

4 25 

1 99 

24 22 

Mean 

1 1 530 

6 CO±0 84 

3 3310 44 

2 76±0 61 

25 62±1 65 


X lO"* fTmjn •« 
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DEOXYRIBONUGLEOPROTEIN, 

A GENETIC MATERIAL 

By J. A. V. BUTLER and P. F. DAVISON, London, England 
CONTENTS 
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References. . . 

1. Introduction 

The suspicion that dcoxyribonuclcoproteln ^DNA) may be the 
carrier of gctiic information was originally based on its occurrence 
in the nucleus alone, apparcntly’as a structural element of the chromo- 
somes. It has been strongly reinforced by the isolation of the trans- 
forming principles, consisting almost solely of DNA, and by the 
study of certain viruses, such as bacteriophages, of which DNA is an 
important constituent. As the subject has been reviewed several 
times in recent years (1-3), the present report will not attempt to 
give a comprehensive account of the field, but to supplement prerious 
articles with points emerging from recent work. 

II, DeoxyribonucJeoprotelns; Jsolatjoji and Properties 
The isolation of DNP from mammalian cells depends primarily 
on the fact that it is usually insoluble and a©jregated by dilute salt 
ici 
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3, The average amounts of adenosine monophosphate, adenosine diphos- 
phate, and adenosine triphosphate were 6.6, 3.3, and 2,8 M X 10*^ per gram, 
respectively. 

4. A number of other nucleotides were also present in the samples. This 
suggests that the adenosine system Is not the only one involved in protein syn- 
thesis and energy transfers responsible for contraction of the human myocardium. 

The author wishes to express appreciation to Professor Alexander Haddow, «ho made the 
study possible; to Drs. J. A. V. Butler and Edna Roe in whose laboratory the s^ork was done; to 
Sir Russell Brock, Sir Clement Price-Thomas, Mr. O. S. Tubbs, and Mr. W. P. Cleland for a 
portion of the auricular appendages supplied from their respective ser\'iees at the Brompton 
Hospital ; and to his wife for assistance with the technical procedures 
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ribonucleoproleiijs. A number of subsequent procedures are possible, 
all of ivhich have been extensively employed. 

Extraction with Strong Salt Solutions. These methods, first used by Mirsky 
and Pollisler (13), depend on the fact that the DNP is dissociated by strong salt 
solutions, and thereby dissolved. The extent of the dissociation depends on the 
salt concentration but it is regarded aa complete in 2 A/ NaCl and above (14) 
The DNP can be recovered, though not in ila original form, by dilution. The 
t)NA can be pretipitated from the salt solution by the addition of alcohol, or the 
bulk of the protein can be precipitated by increasing the salt concentration 
almost to saturation (15). 

/tnionic Dtterqent Method (Kay et al. (16)). Anionic detergents like sodium 
dodecyl auUate displace the basic proteins from their combination with DNA, 
and precipitate them. The DNA can then be precipitated by alcohol or, after 
dialysis, obtained by freeze-drying. 

Enzyme Method (Butler, James, and Conway (17)). In this process the DNP 
ia dissolved in I NaCl and is then digested with a proteolytic enzyme for 2-3 
days • . I ^ 

The 

cipit 

protein content than that usually obtiuncd by the detergent method, A possible 
weakness is the opportunity for degradation by DNAase which might be present 
in the homogenato or is present In traces in the cbymotrypsio; but the products 
are at least as highly polymerized as those obtained by the detergent method. 

Sevoy pTOceit (IS). The oucleoproteio ta shaken with a mixture of chloroform 
and water (with some octanol) and the protein denatured and rendered insoluble 
at the interfaces. DNA with comparatively small quantities of protein cat) be 
extracted from the precipitate by extraction with salt solutions of various con- 
eentrations. It has been shown that fractionation of the DNA both with respect 
to composition (base ratios) and physical properties occurs in this procedure (see 
below). This process is also usually inefficient (19) in that only a part of the 
DNA, depending on the extraction conditions, is obtained. 

Other Methode, With bacteria the separation of DNP and RNP cannot be 
achieved by these processes. Jones (20) with Myeobaeterium phUt disintegrated 
the bacteria and precipitated the nucleoproteins with cetyltrimetbylanimoiuuin 
bromide. The product contained nbonucleic acid (RNA), which could be removed 
by the charcoal method of Chargofl and Zamenhof (21) as modified by Dutla, 
Jones, and Stacey (22). Another method, employed by Himler and Butler (23) 
with Bactllus fUegatkerium, is to treat the disint^rated bacteria with sodium 
■ . . .. i 

Another method is an adaptation of the phenol method of prepanog KN A troui 
nbonucleoproteins. When cell homogenates are shaken with a phenol-water 
two-phase suspension, the RNA is normally found In the aqueous layer, and can 
be removed (24). It has been found that the DNA is similarly liberated into the 
aqueous layer when certwn salts (eg., thiocyanate) and other substances are 
present (25). 
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solutions, whereas the ribonucleoproteins remain in a dispersed form 
and can be removed by repeated washings with isotonic saline. 
It is helpful to isolate the nuclei in the first instance; but on a large 
scale this is a difficult operation in aqueous media and most prepara- 
tive work has been carried out on DNP extracted from the isotonic 
saline precipitate. It usually can be separated from much of the cell 
debris by taking the upper layer of the centrifuged product. On 
dialysis with water the first product swells up into a gelatinous mass. 
Although attempts have been made to characterize the isolated 
“nucleoprotein" particle (4), it is doubtful if a native particle has 
been obtained. The native gelatinous substance is difficult to ob- 
tain in a molecularly dispersed form (5). On standing at room tem- 
perature some part of it becomes dispersed; but it has been suggested 
(5) (see below) that this is at least partly the result of enzyme action. 

In certain fish sperm cells tlie BNA is combined with protamines 
(see review by Felix (6)) but in the somatic tissues the protein is the 
less basic type, known as histone, in which approximately 25% of 
the amino acid residues are of a basic character. It has been denied 
that nucleohistone occurs as such in nuclei (7); but a study of the 
composition of the nucleohistone isolated from thymus glands, as 
described above, by Davison and Butler (8), shows that it is of very 
constant composition and the total basic amino acids in the protein 
are not greatly less than the total amount of phosphate of the nucleic 
acid. It is very unlikely that this would be the case if their associa- 
tion is fortuitous. The structure of the nuclcoprolein is discussed 
below. 

It has been reported (9-12) that imclcohistouc}' ran lie obtained 
in nonfibrous as well as fibrous forms. The former lue obtained aftei 
repeated extraction of the nuclei with isotonic kiUiic mid it is sug- 
gested that something is extracted which is responsible for the high 
degree of aggregation of the miclcoprotein in the fibiuns foiin. Tht' 
relation bctw’ecn these forms has not been fully clarified 

ni. Deoxyribonucleic Acid 
A. VUEl’AUATIVi: MirruoDs 

In \'iew of the great vanability of the product obtained, the method 
of preparation must be specified, llic first step in all preparations 
consists in washing away soluble substances and, as far as possible, 
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O. IJI.ML'NSIO.NS AMJ PHYSICAL (‘IIAIIACTEIIISTICS OF THE 
PARTICLES 

The physical properties of dihite 6oUition.s of DNA (viscosity, flow 
hiicfringcnce, asymmetry of liftht bcaltcring) sugRcst that the par- 
ticles arc highly asymmetric, llie Crick and WaUoii structure re- 
(piircd ('longated fibers of diameter about 20 A. Fibers of the ex- 
pected dimensions have l)oeii cbserx'cd in the electron microscope 

m). 

A u'l’dc variety of molcisdur uciKhls has been fouud. The earlier 
values (35) based on sesliincntution and viscosity or dilTusion (1-2 X 
IH*) arc probably too low hlnce the holutions used ucrc too concen- 
(late'd for a proper extrnpulutiiin to zero coiiecntmtion. More accu- 
lale values fan J>e obtaiiicvl either fmm ewlimenbitmu and viseasily 
iiicjisured at very low eoiiceiitraliuiis (3(») or from li^ht bcatlcritig (37). 
'J*he vahics most frctjiiently oblainerl are of the order G-8 X I0\ 
lait appreclid)ly lower and luirher X'alucs are often obscr\’ed. The 
siunifieaiicc of those i.s di-M-tis-Mxl Isdow, 

A molecular uoi^dit of 0 X m* implies in the Crick and Watson 
model a loncth of about 3 X Id* A. The actual leuRths obs(>rv’od by 
physical measniremonts arc all nppnriably less than this (from 2-5 
X 10* .\. (37)). It therefore appears that, oltliotJRh Its basic struc- 
ture may Ijo in accordance with Watson and Crick, the particle is 
not a simple btrni«ht rod 

Salts have a innrkcxl effect on llic viscosity of solutions. However, 

It was shown by Sadron an<l Potiyel (38), and confirnied by Conway 
and Ihitlcr (3(J). that thccfTcct of salts disappears or at least becomes 
r-onuiaratively small ut very low concentrations. This means that 
I he elTej't of sails Is not primarily on the form of the isolated DNA 
imrfic le but on the miemriions belvvecn them. It is deduced from 
Ibis that the pailieles must Ijeeomparalively rvid. 'I’lie interactions 
which occur in lujucous holiiiion, since they ore prcatly reduced by 
small roiieciitratioii.s of salts, must Iks of an electrostatic character 
(40). However, the theory of such interactions is not well estab- 
li.shcd, althoURh a similar plicnomcnon has been observed in some 
eases with synthetie polyelertrolytca (41). A number of investipa- 
(inns have been made of the titration eiirvcs of nuclele acids, which are 
in ptK)d nprecmeiit with the rrr|iiirementa of the structure (42). Cox 
and I’eai'ocke after a e.arpful aimb'-sis of the curves found no indica- 
tion of apprecia()f(! amounts of triply estcrified phosphate (43). 
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When prepared from tumors, by methods which with normal 
mammalian tissues give a good pioduct, it is found that the DNA 
obtained is contaminated with RNA (26). This does not appear to 
be bound in any way to the DNA, and is removable by the action of 
ribonuclease or by dilute alkali; but it is uot completely removed by 
washing the mixed micleoproteins with isotonic saline. The incom- 
plete separation of the two types of nucleoprotein from tumor ho- 
mogenates may be due to the abnormal behavior of the ribonucleopro- 
teins which have been shown, in some instances, to have an abnormal 
composition. 


B. COMPOSITION AND STRUCTURE 
The most stimulating contribution in recent years has been the 
structure proposed by Watson and Crick (27), which not only ac- 
counts for many of the physical characteristics, and is with some 
modification in accordance with the x-ray diffraction patterns (28,29) 
(although it is not possible to derive any unique structure from these), 
but also suggests a way in which the reduplication of nucleotide 
threads with bases in a specific order can take place. It is unneces- 
sary to describe the structure in detail, since numerous accounts are 
available, but it will be recalled that adenine is paired uniquely with 
thymine and guanine with cytosine. This accounts for the ratios 
of the bases observed in many analyses of DNA, although it is to be 
noted that cases in which the ratios differ from unity by an amount 
which is greater than the experimental error continue to be reported 
(31). 

It has been suggested that other types of pairing are possible, c.g., 
adenine with guanine and thymine with cytosine; but no evidence 
has been obtained that such pairs actually occur. 

It has, however, been found that certain bases can be replaced to 
some extent by substituted derivatives having a similar basic struc- 
ture (t.e., — OH and — NHj in the same positions). Thus part of the 
thymine is replaced by 5-bromouracyl when several microorganisms 
are grown in the presence of this substance (32) and a similar replace- 
ment may occur in bacteriophage. 5-Hydroxymethylcytosine also 
occurs naturally in place of cytosine in the DKA’s of T2, T4, and Tfi 
bacteriophage (.3.3). 
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kinetic studies anti must remain open for the present. Heating 
With acid or alkali naturally causes a much greater disruption of the 
DNA structure (47, SO) owing to hydrolysis of thc nucleotide links 
and other effects. 

The action of urea has been studied with contradictory results. 
Conway and Butler (52) found that treating DNA with concentrated 
urea solutions produced permanent changes; s decrease of znoleciiJaT 
weight by a factor of 2 was also indicated, but it was uncertain if this 
was significant. More recently Conway (53) has found that the in- 
trinsic viscosity of DNA in urea is markedly influenced by the salt 
concentration, indicating that the particle is more flexible in the pres- 
ence of urea. The intrinsic \dscosity was greater in urea than in 
u’ater, but at moderate concentrations of DNA it was found (49) that 
urea affects the viscosity at zero shear rate in a manner similar to 
salts, while Doty (54) denies that urea has any effect on the viscosity 
of DNA. The difference of these findings is probably due to a de- 
viation in behavior at different shear rates. 

Since urea is a good hydrogen bond breaker it might be possible for 
it to disrupt the hydrogen bonding between the tndn nucleotide 
threads. Here again there is controversy as to what actuslJy occurs. 
Alexander and Stacey (55) claimed that, with herring sperm DNA, 
the molecular weight as determined by light scattering was reduced 
to one-half in the presence of urea, while no such effect occurred with 
thymus DNA. They interpreted the former results as indicating 
that urea split the DNA twin helix into two halves, while the latter 
result was explained as due to a greater stability caused by the pres- 
sure of metal ions or proteins (50). Doty (54) has claimed, however, 
that no change of molecular weight and no other evidence of de- 
naturation were observed in either case. It is found that the presence 
of urea decreases the temperature at which denaturation by heating 
occurs. 

E. HETEBOGENEITY 

The exact evaluation of the physical characteristics involves a prior 
knowledge of the heterogeneity of the material. In the earlier work 
on the electrophoretic mobiiity'and sedimentation very sharp bound- 
aries were observed, but it is now known that these are not true in- 
dications of homogeneity but are the consequence of a marked con- 
centration-dependence of the property in question. The use of 
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Mathieson and McLaren (44) have made fresh determinations of the 
electric charge on the particle at various pH values. 

0. EFFECTS OF HEAT AND REAGENTS 
When DNA solutions are heated for only short periods at 80® or 
above, the riscoaity falls very greatly (45). The fall in viscosity is 
accompanied by a rise in the optical absorption coefficient (46). The 
temperature at •\\hich the fall of viscosity begins is fairly sharply de- 
fined, t.e., the temperature coefficient is very high, as is expected for a 
cooperative phenomenon in which a number of bonds must be broken 
in order to bring about the phj’sical change obsen.'ed. The effect of 
heat is therefore attributed to the breakage of the hydrogen-bonded 
structure of the intact double nucleotide thread (47). It has been 
shown by Cox and Peacocke (48) that, after heating, the groups which 
are hydrogen-bonded in the intact DNA become accessible to titra- 
tion, and the amount of breakdown of the hydrogen-bonded struc- 
ture can be deduced from the change in the initial titration curve 
There has been some divergence of opinion on the question of 
whether the molecular weight is reduced by heating. Dekker and 
Schachman (49) found that, simultaneously with the decrease in 
viscosity produced by heating to 100® for 15 minutes, the sedimenta- 
tion constant fell from 20 to 6 This could be interpreted only 
as the result of a decrease in molecular weight by a factor of ca. 100. 
Dekker and Schachman therefore su^csted that the nucleotide 
threads of the DNA consisted of comparatively short overlapping 
segments This result referred to the heatir^ of DNA in water alone; 
in the presence of salt the changes of molecular weight are much 
smaller. Doty and Rice (50) have claimed that under this condition 
no change of molecular weight occurs; however, Shooter, Pam, and 
Butler (51) found that some decrease of molecular weight (by a 
factor of 4-6) occurred on heating for short periods at KX)®. There 
is no doubt that in the absence of added salt a considerable amount of 
degradation occurs on heating at 100®. The question arises whether 
this is due to the presence of interruptions originally present in the 
nucleotide chains or to the hydrolysis of nucleotide linkages on heating 
with water. There is no doubt that the amount of degradation ob- 
served increases slowly with time, but there is no evidence that an 
appreciable hydrolysis detectable by chemical analysis occurs even in 
long periods of time. The matter can be decided only by careful 
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i-li!iraci(;iTslics <jf DNA tlurinj; \rarlmis staKes of preparation (58) 
Tlicso cAii l»o (jhhcrvi'il at tiio iiiiricoprutcin staRO liv additi" suflicient 
wtU (2.5 M) to clishSociutc it. 'J7i« ciiaractur/stiVs of tlio DiVA in tius 
solution aro practically Hio same as those of DNA subsc(iuently iso 
luted from the same solution by the detergent mctliocl. However, 
when the native nuclcoproteiii Is kept In its gcl-Iike condition, a 
slow degradation of the J3N’A in it ocenra; this can mean only that a 
IiNAa.se or .similar agent Is present in the micleoprotein gel, 

I'. FflAfmON’.tTION’ OF DNA 

It was shown hy Chargaff H al. (C3) that the extraction of nucleo- 
protcin gels, which liad been denatnred by shaking with chloroform 
iis in t)jc Sevag procc.s,s, u-ith salt solutions of increasing concentration 
re-sultcd in fractions of <li(Tcring composition, the fractions obtained 
with the greater a:ilt concentrations being relatively richer in adenine 
and tliymino, 7’iui.sc authors wmcluded that the bonds between the 
tienutured protein and the different ba-sos were of different strengths 
and that those nith udcninc/thyniine required a greater concentra* 
lion of salt, hucy and Hutlcr (C4), however, found that a similar 
I'ffect could be 00101110 x 1 by successive extractions with a salt solu- 
tion of constant conecnlratlon. It was also found (05) that the 
proteins present in the DNA fractions extracted in this way varied in 
composition, the first extracts containing a marked axccss of lysine- 
rich )ii, stone. 

IIoNNcvcr, it cannot be inferred from this that the guanine-rich 
fractions are preferentially associated with the lysine-rich histones, 
as the tiro processes of fractionation of the DNA and of the proteins 
may be occurring simultaneously (66). 

Chromatographic method.? of fractionation on columns have also 
been deWsed. G. L. Brown has developed a column in nhich de- 
natured histone i.s supported on kicscigiihr (07), which gives frac- 
tions having somewhat different base ratios. This has been applied 
in conjunction with the "star” metlmd to isolate the large .rixe par- 
ticles of DNA present in bacteriophage. A chromatographic ^para- 
tion yielding a large number of fractions, with Ecteola resin, has 
boon developed by Bendich (68). 

Other methods involve fractional dissociation of comolexes of DNA 
with poIyly.sinc (69) and with polysulfatcs (70). 



168 


J. A. V. RUnXR AND T. P- PWISOV 


optical absorption methods of determining the concentration in the 
boundary permits the observation of the behavior at very much lower 
concentrations than is possible with methods depending on the re- 
fractive index. 

^Vhen studied by this method at concentrations below 0.005%, 
in the ultraeentrifuge, a marked heterc^eneity of the sedimentation 
constant is observed (57). There might be some doubt whether 
the boundary is completely stable at such small concentrations, but 
careful tests of stability show that the boundary is completely stable 
and that diffusion, during the run is negligible. The reality of the 
heterogeneity has been confirmed by centrifugation on a preparative 
scale (58). 

Since such variations of sedimentation constants cannot be ac- 
counted for as due to the variation of length of a linear rod-shaped 
particle (59), it is concluded that heterogeneity of shape as well as of 
mass occurs. This could happen by the a^regation of DNA par- 
ticles laterally or in some kind of network. Such aggregation might 
be brought about by crosslinks between DNA fibers produced by, e.g., 
divalent metal ions, or by protein. The former does not seem to be 
important, since neither the addition of divalent metal ions, nor of 
complexing agents (Versene), has much effect on the form of the dis- 
tribution curve. However, DNA, as prepared by the detergent 
method, contains residual quantities of protein (up to 1%) of a non- 
histone character. That this protein is responsible for at least part of 
the heterogeneity is shown by the fact that chymotrypsin greatly 
reduces the proportion of the material having very high sedimentation 
eonstanta, and brings the disiriVarion curve down in the region of 
those of DNA produced by the '^enzyme” method (60). It is ob- 
vious that small residual quantities of protein have a considerable 
effect on the physical properties of DNA and little credence can be 
given to the particle mass and dimensions until this effect is elimi- 
nated. It is to be noted, however, that even after removal of protein 
by proteolytic enzyme a considerable spread of sedimentation con- 
stant remains and it is probable that there are other variable factors 
arising from the method of preparation. DNA from bacteriophage 
shows a smaller spread of sedimentation distribution constants than 
that from mammalian tissues (Cl); and a preparation of Pnevmono- 
cofCK.vtransforming principle was also relatively homogeneous (02). 

A study Ims also Ijocn made of the changes of the sedimentation 
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developed an alternative chromatographic procedure, using the 
carboxymcthyl celJulosc of Soberand Peterson (85). Further experi- 
ments have shown that all the histones can be eluted, from this ad- 
sorbent, and at least three components can be detected and partially 
resolved (87). 

The task of isolating homogeneous protein species from the aggre- 
gating histone mixture may be (ormidabic, and it may ultimately be 
necessary to dcaminatc the proteins, or othenvise block the basic 
groups. 

(5) Characlcristics oj the Haste Proteins 

Studies on the chromatography of the calf thymus histones by 
Crampton, and by Davison, have raised two points of importance. 
Crarnpton found that on occa-siona a component which had been 
resolved chromatographically as a single peak, when rechromato- 
graplied appeared to bo complex, one fraction running through the 
column with the front and the other appearing in the same position 
as it ran before (86). Davison (87) has also observed a similar 
phenomenon, and noted that the fast running fraction can be eluted 
from IRC-50 wth sodium chloride, whereas the histones can be dis- 
placed only with barium ions. These obsen-ations suggest that the 
eluted proteins have become degraded during recovery, and con- 
firm the findings of Butler et at (88), who reported the ready deg- 
radation of the histones in neutral solutions. The fact that Cramp- 
ton, as mentioned above, totxnd the cbrotnatograpbic behavior of 
the histones simplified when his preparation at neutral pH was com- 
pleted more rapidly also points to the dangers of proteolysis It rnay 
therefore be questioned whether the salt-ethanol method of prepara- 
tion (88~9I), is rcaf/y as "mifd" as has been suggested. The similar 
doubt >vill apply to the preparative method used by Dcsrcux and Ott, 
who have removed the dissociated DNA from the proteins by frac- 
tional centrifugation in strong salt (91a). 

On the other hand, the use of strong acids may be reasonably criti- 
cized in view of the lability of certain peptide bonds. N/10 mineral 
acid has been most generally used to extract the histones from the 
isolated nuclei, nucleoprotem, or‘*Sevag gels.** It will be shown b^ 
low, however, that at this strength the histones (and, as Stedman and 
Stedman have reported, the protamines (92) are not completely ex- 
tracted. Toennies et at (93) reported tlie complete extraction of 
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IV. The Proteins Associated with DNA 
A. BASIC PEOTEIMS 
(/) FraUimfition Methods 

The histones and protamines from specific tissues were for years 
treated as homogeneous materials »nd many careful analyses of, e.g., 
calf thymus histones, have been made. A critical inspection of these 
analj^es, however, shows impossibly wide differences between the 
data of \'arious authors. It became increasingly plain that these 
histones were a mixture of proteiias, and from this mixture different 
workers were selecting difterent fractions In 1950 Stedraan and 
Stedman (71) demonstrated a partial fractionation of the calf thymus 
histones end those from several other tissues. Since then the demon- 
strations of heten^eneity have been repeatedly made by electro- 
phoresis (72-74), by ultracentrifugation (72,75,76), by fractional 
precipitation (72) and extraction (77,78), and by chromatography 
(79,80). 

As early as 1929 Felix and Dirp (81) showed that one of the pro- 
tamines, clupeine, was a mixture of proteins. Since that date a variety 
of techniques has been applied to determine the complexity of the 
protamines, the most powerful being countercurrent chromatography 
(82) and chromatography on activated alumina (S3). The fractions 
isolated by these two methods differ in comptffiitiom 

Among the histones, fractionation has been complicated by their 
tendency to aggregate. Despite this, from three laboratories almost 
simultaneously reports were made of the isolation of a ly^ine-rich 
histone from calf thymus i77-7&). Although the fractionation 
methods differed widely, the analyses agreed sufficiently closely to 
surest that a single protein had been obtained, largely freed from 
contaminants. From physical studies a molecular weight of 18,000 
was proposed (72). 

The most promising method of fractionation would appear to be 
chromati^raphy. Crampton, Moore, and Stein, using the ion- 
exchange resin IRC?-50, succeeded m resoli'ing three components 
from various calf histone preparations, but they could recover only 
about 50% of the protein they applied to the column. Alore recently 
Crampton (84) substantially improved the recovery by extracting 
the histones more rapidly, and at the came lime the complexity of the 
elution pattern was diminished. Davison and Shooter (80) have 
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It may l)o argued lliat Mjvoml proteins (e.ff., hcinojilobin) liaveaw 
abnormally luvv imiU-vular wviKbl in strong urea bohitions, but, ance 
it is Unlikely tlitil iiit'a is spliUihg peptide bonds, and in view of the 
postulated striu-luro of »niele«)j)rolcin (30), tho must fiitidumcnlal 
point of interest is (lie length and polydisperaity of the individual 
peptide chains. 

Terminal amino acid and eequenco studies have provided some 
vahiahlo information on the structure of the protamines (0), although 
Scauca and To7er found N terminal alanine in addition to the proHne 
found by I'clix (8.'1). Studies of the histones with the fluorodinitro- 
hemsone method ot Sanger were made recently by Haley (94), who 
detected only a limited number of end groups: valine, leucine, gly- 
cine, alanine. By using earboxypeptidase he found alanine, leucine, 
valine, and tyrosine as carboxy terminal groups. He obtained only 
a partial disproportionation of these end groups when the histones 
were fractionated in the viltraccntrifuge into the’Mighl'* and “heavy" 
components but that is not surprising, because the “heavy" his- 
tone is an aggregate which probably includes some of the proteins 
present in tfic" light" fraction. It is important tonote that the yield 
of terminal groups f«om a known weight of histone indicated a num- 
ber-average molecular wciglit of 7,000 to 9,000. This figure agrees 
well with that dolormlned by Crampton by ullrocentrifugation in 
urea. It should be borne in mind, ho^ve^'C^, that the presence of 
a small proportion ot low molecular weight polypeptides would out- 
W’cigh tiic longer chains in such a calculation of number-average 
molecular weiglit. This word of caution is necessary berauso Phil- 
lips (95) has found proline, alanine, serine, and lysine as N terminal 
residues, but the yield, even when the coupling was carried out in the 
presence of guanidine, never indicated a number-average molecular ' 
weight less than 30,000. Further work is undoubtedly necessary to 
decide between these conflicting rcssults. 

Recent investigations by Hamer (90) have confirmed the earlier 
reports by Hultin and Heamc (97) of the e.xistence of basic proteins 
with a composition characteristic of neither protamines, with their 
enormous preponderance of arginine, nor histones, but of something 
between the two. These proteins, which were extracted from tl^ 
sperm of sea urchins, starfish, and squid, could not be precipitated 
from solution with ammoni.a a.*? can the arginine-rich histones. 
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histones from a "Sevag” gel with hydrochloric acid at pH 2.5, but 
Davison has found it necessary to employ iV/4 or stronger acid, and 
even then the coagulated mass needed to be ground in a ball mill. 
Though these extractions are carried out at low tcmpeiatures, it has 
been found that the DNA is degraded (72) with the loss of some of the 
purines. There is also an undoubted risk that some of the amide 
nitrogen may be lost from the proteins (if nothing more) and this loss 
may introduce a spurious complexity to tiie extract. Few of the pro- 
tamines contain the dicarboxylic acids so that the use of acids for 
their extractions is probably less dangerous. Equally, however, 
there has been no demonstration of proteolytic degradation of these 
proteins in neutral solutions. 

It has been shoAvn that the histones interact and aggregate to a 
iqarked degree (72,73). Davison and Shooter (80) have shown by 
physical studies that the aggregation of the histones is dependent on 
pH and temperature. I^arge aggregates are formed, particularly 
above pH 7. the sedimentation coefficients vary between 10 and 20 S, 
according to the condition under hich the aggregation occurs. The 
proteins that sediment more slowly (1-2 S) appear to form complexes, 
the nature of which changes considerably as the pH is taken below 
4.5. The existence of intermolecular interactions is not surprising 
in view of the relatively high content of the dicarboxylic acids in the 
basic proteins, but there is evidence that the bonds ore not solely 
ionic, since the high molecular weight aggregates (10 S or greater) 
are not split in the presence of salt (80). 

From physical studies on the whole and fractionated histone.^ it 
has been estimated that the molecular weights lie over 18,000 (72,88). 
Crampton (80), however, has found that the lysine-rich and arginine- 
rich histones, separated by chromatography, have molecular weigiita 
of only 7,000 and 8,000, respectively, in 6 M u^. Shooter and Davi- 
son have confirmed a substantial drop in the sedimentation coef- 
ficient of the histones, when urea is added to the solution (87a), 
Since these molecular weights are lower than those calculated from 
the amino acid composition (the percentage of tyrosine reported in the 
Ij-sine-rich histones indicates a minimum molecular weight of about 
20,000), it suggests that these chromatographically homogeneous frac- 
tions arc complexes containing proteins of dilTering composition. In 
view of the over-all agreement of the analyses it is probable that these 
complexes are of fairly specific composition. 
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vjptaU of iwilatcd u\«*{copri>t<5»«, «tiKSCKt(jd llmt some «f iho pljos^ 
piiatc pfoups were hot lilockoij l»y histone. J)oiimcc (111) also wig' 
gosted tlu.s' from olixorvations on the coiilracUon of micloi with lower- 
ing of the pH. Davisonjand Jhttfer (8) found there were only enough 
basic amino acids in calf thymus nuclcoprotcin to neutralize 85% 
of tile phosphate groups, (ftv tliesc analyses the total phosphorus of 
the nunlcoprotein was taken ns DNA. phospiionis because the phos- 
piiolipid content of tliese prcp.aratinns is very small.) Whether these 
phosphate groups arc free in viva, or wljcthcr some component is 
solcetively (and roprodiicibly) lost in the isolation procedure, is not. 
known. Dye-binding experiments suf^ijeat that the free groups occin 
m Rcqucnces. 

The nature of the protein attached to the 3>NA in mammalian 
sperm is at present uncertain. Dallam and Thornes (112) confirmed 
earlier reports that no nucleoprolein could be extracted from these 
sperm with water or fitrong salt solutions. By extracting the sperm 
with sodium hydroxide and isoclcctrically precipitating the proteins 
of tfio extract they obtained a basic protein which they called a 
histone. They noted the high content of arginine in this fraction. 
AHhough the iustoncsArc, in fact, chaiactemcd by a pTeponilcranee 
of /5'ainc, the fysino-nch components may not have been precipitated 
isoclcctrically. Vendrely ft al. (113,114) have presented partial 
analyses of isolated nuclei and micleoprotein preparations. They have 
pointed out that the arginine/phosphoms ratios fall into two fairly 
distinct groups corresponding to the presence of cither histones or 
protamines They suggest that the protein in bull sperm is a pro- 
tamine (1 14). The peenHarity in structure which makes these sperm 
so in.soIubIo, in- contrast to those of fish and birds, is at present un* 
know'n. 


B. KONBASIC rnOTEIKS 

In 1912 Mayer and Gulick (1 15) detected some nonhi.stonc proteins 
in nuclei isolated by the Behrens technique. The Stedmans, in 1943, 
described a nonb.a.sic protein from nuclei isolated in .aqueous media 
(IIC). Since that time a number of workers, including \Yang> Dal- 
lam, and Tlvomas and co-workers (113,117), Hamer (118), and Mirsky 
and Ilis (119), have obtained proteins which they have distinguished 
from the histones. Strictly, the various proteins which may occur 
in (lIlTcrcnt cell nuclei lie outside the scope of this review, wdiicli i*! 
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of malignant nuclei is usually greater thaii that of nuclei from nor- 
mal cells (107). 

Thus there is no certainty that all the proteins in the extracts from 
isolated nuclei (and presumably from nucleoprotein) are nuclear in 
origin. It is evident that a distinctive test for histones is needed, 
and fortunatel}’ the reagent introduced by Mirsky and Pollister (13) 
would appear to fulfil this need. This test may fail if it is applied to 
degraded proteins as Bernstein and Mozia (108) have shovsm, but if 
used with appreciation of its limitations the test provides a useful 
means of differentiating between the histone and the many other 
proteins from the cell which may contaminate the preparations. The 
presence of tryptophan in the protein extracts has also been used 
as a test for contaminants in the histones: most histones have been 
shown to contain no tryptophan, and although some recent analyses 
have still reported traces of this amino acid {e.g.. Harper and Morris 
(109), and Toenniea ei at. (93)) it is generally concluded that the 
histones as a class contain none. 

(Ji) ConslUulion of Nuclcoprolcxns 

Fcughclman ct cd. (30) have proposed a model structure for nucloo- 
protamine in which the polypeptide chain Is arranged helically around 
the twin spirals of DNA, with the aiginine residues directed toward 
the axis of the helix, successive residues being attached by salt bonds 
to the phosphate groups of each DNA chain alternately. It was 
postulated that the nonbasic amino acid residues, which Felix and 
coworkers (6) have found to occur in pairs, formed small loops pro- 
jecting out from the axis of the composite molecule. It was also 
suggested that the nuclcohistonc structure migiit be similar. 

The lii&toncs contain only 25% basic amino acid residues whereas 
the protamines have more than 60%. Therefore any structure 
similar to the miclcoprolamincs must allow for an average of three 
nonbasic residues scpamtlng each basic one, and such moIeculc.s 
should have a considerably greater diameter (8). Amino acid se- 
quence studies on peptides from the histones should show whether or 
not the basic residues arc arranpofl at regular intervnN. 

llic x-ray diffract inn hlndies give only thegenenil impression of tlie 
imlccoprotein ftnutures, an<I the details must l»e invcstigatecl by 
other mcan-s 

Mirsky and His (110), from oh*,er\'alions on the histone and dye 
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acid contain 27% liistone (isolated as the sulfate), Mirsky and 
Pollistcr, from nudooprotcin >yith substantially the same percentage 
DNA \and, lienee, presumably, the same proteins), have extracted 
40% of the material os histone. Davison (87) has extracted, from 
nuclei isolated in the same way as Stedman (92) has described, 40% 
by weight of the nuclei as histone, by a single extraction with A^/4 
hydrochloric acid. Hamer (118), from the nucleoprotein extracted 
from thymus nuclei, could dissolve only out about half of the protein 
as histone. Davison et at. (72), from thymus nucleoprotein, ex- 
tracted all but 8% of the protein as histone, and the extract under 
electrophoresis at pH 6.5 showed only cathodicalJy migrating pro- 
teins. None of the protein could be precipitated by the "Mirsky” 
reagent (1.88 M sulfuric acid containing 0.34 M mercuric sulfate). 
From this incomplete survey it is obvious that the amount of non- 
histone protein any author will ascribe to a particular nucleus will 
vary inversely with his success in compicfing the extraction of the 
histones. 

Mirsky and JUs (119) have shown that in strong saUne nucleo- 
protein is dissolved wth the liberation of insoluble protein fibrils 
which they have termed "residual chromosomes.” This protein 
would appear to be identical with the tryptophan-containing protein 
(TrPr) Mirsky and Pollister (13) describW earlier. It is also prob- 
able that the acid lipoprotein which Wang and co-workers (117) have 
extracted from isolated nuclei with dilute alkali, and at least a portion 
of the ebromosomin described by Stedman and Stedman (116), are 
the same protein fraction. 

Since strong salt dissociates the residual chromosome from the 
DNA, it is presumably attached by salt bonds. It is possible that 
there are other minor components linked to the DNA in other ways; 
Dounce and Monty (125) have attempted to remove the gelatinous 
protein left wth the DNA when rot liver nuclei are extracted with 
acid; their lack of success prompted a search for some other bonds 
between the protein and DNA and preliminary results suggest that 
there may be some. Potter and Dounce have found phosphoamide 
bonds in ribonucleoprotein (126) and something similar may exist 
in DNA. Nevertheless Smillie et al. (91) have claimed that the whole 
of the protein in thymus nucleoprotein can be dissociated in’ 2 3 
salt: although the results from one tissue cannot be expected to apply 
to another, it remains a possibility that the firm attachment of this 
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concerned with the proteins bound to the DNA. It is still not 
entirely certain that the proteinsfoimd in extraeted/deoxyrihoniicleo- 
protein (DNP) are actually bound to the DXA in vivo, although the 
x-ray diffraction examination of sperm (30) adds weight to the evi- 
dence previously cited (1) that su^ests that the DXP is not an arti- 
fact. Dounce (120) has offered some puzzling experimental evidence 
which he interprets to mean that, within the nucleus, tn vivo, the 
DNA is combined with proteins other than the histones. This un- 
certainty makes it difficult to decide the demarcation between nuclear 
and nucleo- proteins. However, this difficulty appears to be largely 
resolved by the fact that nuclei isolated by most aqueous procedures 
(and, here, thymus nuclei isolated in calcium-chloride sucrose must 
be expected) have a composition almost identical to DNP, or the 
isolated chromosomes of Mirsky and Ris (119). 

The fact has been explicitly demonstrated by Felix, Fischer, and 
Krekels (6) in the case of certain sperm nuclei, and Hamer found 
that almost the whole of calf thymus nuclei can be dissolved in 
strong saline (118). It is also implied when the analyses quoted by 
various authors are compared* thus Mirsky and Pollister found the 
same percentage of DNA in thymus nuclei and isolated chromosomes, 
and the Stedmans reported the same figure for their nuclei (71). 
As the Stedmans have pointed out, this agreement would appear to 
identify the "chromosomes" with the whole nuclei. The Stedmans 
dismissed this as absurd, but the evidence since obtained to demon- 
strate that "aqueous” nuclei have lost a very considerable propor- 
tion of their protein content (121-124) has made their criticism in- 
valid. 

Except for the case of mammalian sperm, therefore, the "aqueous" 
nuclei and the DNP are almost identical in composition. The sperm 
are excluded because, up to the present, the extraction of an intact 
nucleoprotein ^ith water or strong salt from this source has not been 
achieved. 

The composition of the nuclei or DNP preparations has usually been 
studied by extracting each of the recognized major components selec- 
tively; any insoluble residue has then been referred to as a further 
fraction. Such a scheme may be satisfactory if none of the compo- 
nents becomes denatured or degraded, but the results deduced from 
such studies do not seem to justify the faith put in the method. 
Stedman has reported that calf thymus nuclei isolated in dilute acetic 
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CliurgjifT (130) nnd llullcr cl al. (1 1) hiut* bhown tliat all tlic prolcin- 
J)KA f/ 0 /ifJ.s arc not <IUociatc<l milil the strength of the wilt solution 
iH taken ahovo 2 5 M. 'J'Ijo UNA alio would appear to be rather 
!(H)!>e!y bound biin-c it was not tlclcdeti wjien Trl’r was lirst identified, 
IChotiv/no cl aL (103) have also repuiteJ a nonhistone prutci'u in rat 
epithclionm mieleoprotcin whicli was obtained by the method Mirsky 
and Pollister list'd in tliolr early cxpcriincnLs, and this too contained 
no UNA. 

Mirsky and Ilis (1 10) liavc shown that the protein has an amino 
acid composition which distinguislics it from the cytoplasmic proteins. 
Manj' workem hav'c fomnicnted upon tlie to'plophan content of tins 
protein fraction, a feature distinguishing 5t from the basic proteins. 
vSince it haa liwii charactcrizod mainly by its insolubility, however, 
there has licen htt/e attempt to assess its heterogeneity. 

Another nonhl'Jtonc protein in the DNP which is soluble in 10% 
saline 1ms been reported by Mireky and His (119), who found that, 
uhen the saline solution containing tho diasoemted nucieoprotein 
of liver or thymus was “Sev'aged,” not all the protein in the gel could 
1)0 c'ctraclcd with acid. Many authors have used this method to 
prepare basic and nonbastc proteins since then. Jf the I>NP has 
not been clarified by high-speed centrifugation in strong salt, this gel 
will prcbumalily include tho rcssidual chromosomes (e.g., Toennies et 
al (93), but oven if these hove been removed it cannot be assumed 
that all the proteins whicli are not extracted by acid are nonhistone 
Ihiller H al. (88) and SmiUic ct at. (91) have found that denatured 
hi.stones arc insoluble in acid. 

Recently Allfrcy, Mirsky, and Osawo (105) reported a fractiona- 
tion of thymus nuclei isolated in sucrose, which appeared to indicate 
the pre.«!ence of at least four nonhistone proteins. ^Vhich of these is 
n-ssociated with the DNA is not certain. The authors identified 
none of the fractions with the residual chromosome. The justifica- 
tion for this scheme of fractionation remains to be demonstrated. 

V. Genic Significance of Deoi^TibonucIeoproteln 

A. run MODn of duplication or dna 

In the W'atsori and Crick btnicture, the tw’o separate halves are 
exactly complementary to each other. It was pointed out by them 
(131) lhat this provides a means of duplication in which the micleo- 
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iionbasic protein fraction to the DNA may result from the denatura- 
tion of either component in acid solution. It is notable that most 
authors who have begun to fractionate the nuclei by extracting the 
basic proteins with acid have found the nonbasic protein very firmly 
bound to the DNA, but when the proteins and DNA have been ex- 
tracted by strong salt solution, the residual protein has become less 
intractable. 

Mirsky and Ris (127) found that the proportion of nonbasic pro- 
tein (or residual chromosome) in Ihcir isolated chromosomes varied 
with the metabolic actinty of the tissue of origin. They found that 
the residual chromosome constituted only 8% of the calf thymus 
cljromosomes. Davison el at (72) and Toennics cl al. (93) reported a 
similar proportion of nonbasic protein in thymus nuclcoprotcin. 
The presence of a nonhistone protein in fish sperm is still debated. 
Felix and his school (0) have concluded that the nucleus of many 
specimens they have studied consists of protamine nucleate alone. 
This view has been opposed by Stedman and Stedman (101), who 
have pointed out that a nucleus so constituted contains no material 
to form the nuclear sap. Recent studies of snail sperm nuclei by 
Grass^ and his co-workers (128), hoa'cver, seem to suggest that the 
maturing sperm nucleus is a tightly packed moss of fibers (presumably 
chromatin). Mirsky and Ris (129) found that fish sperm contained 
a very small residual chromosome, and they detected 0 16% RKA 
in their trout nuclei. Felix el a!, have not detected any RNA in fish 
sperm, but it Is probable that this amount is not detectable by any 
method of analysi.s unless the fraction containing it is first concen- 
trated. Felix and his co-workers do report finding a verj’ small por- 
tion of the sperm nucleus to be insoluble in strong saline and they 
suggest this is part of the structure where the sperm tail enters the 
nucleus. This insoluble fraction may l>e identical to the residue 
dcscribctl b}* Mirsky and Ris. 

Bernstein and Mazia (108) and Ilamcr (90) found a con.sidcmblc 
proportion of nonhistone protein in cchinodcrm sperm. The rrason 
for the higher content of nonbasic protein in these sperm, when 
compartxl to fish sperm, is not clear, but if on explanation eould l>ft 
found it might explain the function of this protein. 

Mirsky and Ris (129) have iTporte<! that t!>e residual chromosomes 
cont.nin l)Oth UNA nntl DNA. Tlie presenee of the latter may not 
have any gre.nt significane** Iktoiiso |K)th Cmmplon, I.ipxhilz, an»l 
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by their appearance. The resolving power of the radioautographic 
method is also insufficient to distinguish the radioactivity of indi- 
vidual chromosomes, but it is possible to obtain a measure of the total 
amount of radioactive material present in the cell and conclusions 
have to be derived from this information If chromosome redupli- 
cation results in the formation of one original chromosome and one 
completely new cliromosome, tlicrc will be one chance in 2* (= 64) 
that one daughter cell will contain C completely new chromosomes 
and the other G old chromosomes. We shall therefore find in this 
proportion of cases cells which have either no radioactivity or a full 
amount; in other cases there will be inequalities of the amount of 
radioactivity in the two daughter cells, while on the Watson and 
Crick hypothesis all new cells will be equally radioactive. Mazia, 
using thymidine as the radioactive marker, has stated (135) that 
differences in tlio radioactivity of daughter cells are observed: which 
favour the first liypotlicsis. 

Another favorable system for studying the duplication of PNA is 
bacteriophage, which has been studied by Levinthal (130), who has 
developed a method* by which the radioactive content of individual 
particles of DNA can be determined. A radioactive bacteriophage 
(T2) is obtained by allowing multiplication for a considerable time 
m tlie presence of P’*. The radioactivity in the individual DNA 
particles obtained from this bacteriophage is measured by the size 
of the ^'star" around each particle when they are embedded in a 
photographic emulsion. Stars were obtained of a size equivalent 
of 40% of the activity of the PNA in the original bacteriophagf unit. 
When allowed to multiply in a nonradioactive bacterium, it was 
found that all the first generation progeny gave stars equivalent to 
about 24% of the original activity. This indicates that a sharing of 
radioactivity had occurred in duplication, as is to be expected from 
Cnck and Watson's hypothesis. A similar conclusion has been 
drawn by Stent (137), who estimated the amount of P** from the fact 
that the emission of radiation by.P” kills the phage particle. 

B, FONcrnoN or dna 

If DNA IS the genic material in that it carries in some sort of code 
the genetic information, it is natural to ask how it operates. One of 
the most important functions occurring in cells is the *7 

highly specific proteins and it has been tempting to think of DNA 
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tide thread can be reproduced with its bases in any specific order, 
since each half of the structure when separated is capable of being 
completed in one way only. If this is the method by which repro- 
duction of the DNA threads occurs in cells, it would follow that, when 
the duplication of a DNA particle occurs, each new particle vriW con- 
sist of one-half of old material and one-half of newly synthesized mate- 
rial. This is the simplest mode of reproduction, although it has dif- 
ficulties. For e.\ample, it has pointed out that, if the nucleotide 
threads are coiled into a spiral (one turn for each ten nucleotide pairs) , 
the process suggested necessitates a complete uncoiling of the spiral, 
i.e., about 600 turns for the whole of an average DNA particle. 
Ways in which the uncoiling could be effected have been suggested 
(132), and a study of the energetic aspects (133) suggests that the 
difficulties involved may not be too formidable. On the other hand 
it is certainly possible to devise schemes in which the essentials of the 
Watson and Crick scheme are retained but the original double thread 
remains unaltered at the end of the process (134). If any such 
process occurred the result would be an unaltered original DNA par- 
■ tide and a completely new freshly ^thesized one. 

To distinguish between these possibilities, experiments have been 
made using radioactive sxibstanccs which can be incorporated into the 
newly synthesized DNA. It is fortunate that when no DNA syn- 
thesis is occurring, very little exchange even of phosphate occurs 
with intact DNA. In older to carry out such experiments, it is neces- 
sary to be able at least to distinguish unaltered DNA particles from 
those which have undergone duplication. In mammalian tissues the 
matter is complicated by the fact that the chromosome, which acts 
as a unit in cell duplication, contains a verj' large number of DNA 
particles. Is it to be expected that, when the chromosome is dupli- 
cated, all the DNA particles of each of the daughter chromosomes 
are similarly related to that in the p.arcnt chromosome? If this is 
not the case, no information con be deduced about the mwle of du- 
plication of the DNA particles from the distribution of newly syn- 
thesized material between chromosomes. 

Experiments of this kind have l»ocn carrieil out by Mnzia (135) 
using cells of the plant Crepis, in which it possible to distinguish 
for a time when cell division ha.s taken place, the two daughter cells 
derived from one parent. Tlicrc is, howc\*cr, the complic.'ition that 
each cell has G chromosomes which cannot In* readily dl«tingutslie<I 
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Tho jnogie&s of changii fitjm histone to protamine in spcrniatof'eiie&is 
has bewj cJoarJy dcijjonstratwi by Alfcrt (i42) ihing a differential 
staining teehnKpie. The i^pJaecmcnt of the histones occurred at a 
late stage of spermatogenesis 

It might he possible to correlate the nature of the histones with 
tfi/forentiation during devc/opment. A’ot enough is known at present 
about the eharaclcr of histones to establish whether tissue specificity 
occurs (sec p. 17*1) apart from the difference of sperm and somatic 
tissues. 

It may also he significant that the total basic groups available in the 
Iji.stonc is less than the numlier of phosphates of the DNA, leaving 
about 15% free pliosphatc in thymus micleoprotcins and 0% free 
phosphate in sperm. On the hypothesis of the Stedmans (143) that 
the liistoMCs and protamines act as gene inhibitors, the free phosphate 
groups \> ould ho present on the fnctaholically active parts of the DNA. 
However Allfrey, Mirsky, and Osawa (105) found that the blocking 
of those groups by a variety of substances did not diminish the 
synthetic activity of tho nucleus cell. On this hypothesis the number 
of distinct histones required would be equal to the number of genes, 
and, further, some mechanism would have to be envisaged for cover-* 
ing or uncovering the genes at tho right stage. 

.Section added in proof. Since completing the review, some further 
observations which doscrv-c mention, have come to our notice. J. 
Murray Luck ct al. (144) have developed a method of chromato- 
graphing histones on Amherlite IRC-W columns, using increasing 
com’cnt rations of guanidinimii chloride as the eluting agent. A large 
number of distinct fractions was obtained. It was also found that the 
molecular weight in the presence of urea or guanidinium chloride is 
less than 10,000. 

A rather low molecular weight is also indicated by the obsorv'ation 
of Bakay (145), who found that a large proportion of their histone 
was dialyisable through <’ellophane. The end-group analysis, men- 
tioned by Haley (04), is al.so reported in ref. 144. Bakay and Toen- 
nies have also confirmed the observation that DNA prepared from 
tumor tissues ahvays contains an appreciable proportion of RNA 
(I4G). . ^ 

Alfert and Ge.schwindt, in unpiibh.shed ob.sen'ation.'i, ha^c com- 
pared the ratio of histone to DNA (determined by means of the Feul- 
gen and fast green, pH 8, reactions) in rat liver tumors induced by 
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particles as templates which cither directly or indirectly guide the 
synthesis of peptide chains with amino acids in a definite order. 
No adequate scheme whereby this could occur has yet been proposed. 
The basic difficulty is that the number of distinct monomeric units 
available in the nucleic acids is much less than the number of amino 
acids in proteins, and it is difficult to see how a structure with only 4 
(or occasionally 5) building blocks can guide the formation of struc- 
tures with 20 or more. 

To overcome this difficulty it has been suggested (138) that two or 
even three adjacent nucleotides are concerned in fixing the position 
of one nucleotide unit. This clearly provides a greater number of 
possible combinations; but no one has been able to offer a convincing 
picture of how such a scheme would work, so that it remains hypo- 
thetical (139). The finding of Gale (140) that the incorporation of 
radioactively labeled amino acids by disrupted Slaphylococcxta cells 
was stimulated by specific nucleotide groupings gave on exciting pros- 
pect of testing these ideas. However at the present time it is uncer- 
tain if the real stimulating agents arc nucleotides, and further work 
must bo awaited. 


C. ROLE OF THE PROTEINS 

Very little is known of the function of the proteins attached to 
DNA in different cells. The fact that the action of the transforming 
principles is brought about by purified DNA suggests that the pro- 
teins take no part in the conv(ycncc of genetic information. They 
may by combination with phosphate and other exposed group-s of the 
DNA prevent its combination with other proteins present in the 
nucleus. Other possibilities arc that they may have functions in 
holding togctlicr the two strands of the DNA, that they may be part 
of the mcebnnism of duplication which operates in mitosis, or that 
Uicy arc part of the structural continuum that holds together the 
largo number of DNA particlc.s present. 

It is found that the sj'nlhcsis of DNA and histone occurs syn- 
chronously in mitosis. The residual protein of the chromosomes is 
more active mctabolically than the histones (141) in amino acid 
incorporation experiments. It also appears to bo present in greater 
quantities in mctal>olicaliy active cells. 

TIjo significance of the fact that the ha.sie protein Is prolamine- in 
certain Fperm cells and liislonc in most eom.atic cells is unknown. 
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butter yellow. In two tumors these ratios were indistinguishable 
from those obtained with normal control rats; in the third the ratio 
DNA/histone was increased. These results, therefore, do not sup- 
port the claim of Stedman and Stedman (101) that the histone/DNA 
ratio is greater in tumors than in normal tissues. 

An interesting hj’pothesis concerning the way in which informa- 
tion could be conveyed by the order of the bases in nucleic acids has 
been proposed by Crick, Griffiths, and Orgel (personal communica- 
tion, bas^ on paper to be published). The difficulty to be overcome 
is how to relate sequences of 2 or 3 nucleotides ndth particular amino 
acids. It is pointed out that while there are 64 ways of making up 
a group of 3 nucleotides from 4 such units, the number will be di- 
minished if we e.xcludc those which could be made by overlapping 
two adjacent sets. They find there are in fact twenty such combina- 
tions of three units w hich do not pcriuit such overlapping. 

Much evidence has been emerging, which is outside the scope of 
this review, that the fonnation of protein occurs from nucleotide- 
amino acid compounds. It would have to be demonstrated that 
each amino acid is associated with a distinctive trinucleotide. The 
decisive act of association would be effected in a specific enzyme for 
each amino acid. It docs, in fact, appear that each amino acid has a 
distinct “activating” enzyme, but the nature of the combinations 
which they bring about is not well known 
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Early methods of preparing ribonticlejo acid (RNA) 
from mammalian tissues and yeast involved the hso 
of alkali fLoveno A Bass, 1031), but it la now recog* 
nizod that this process necessarily mvolvee a con* 
sidorable amount of degradation (cf. Allen, 1954). 
On the other hand, if very mild conditions are used 
there is a danger of degradation by ribonucloase 
dunng the preparation. 

Attempts have been mode to inactivate the 
nbonucleaso without affecting the RNA, but none 
of the substances used seems to be entirely satis- 
factory. Thus Grinnan & Mosher (1951) used 4m- 
guanidine hydrochloride os a denaturing agent, 
followed by heat to remove the protein. This 
yielded a product stated to hav’e a sedimentation 
coelTicient S = 10 s corresponding to ahigh molecular 
weight (about 260 000). Gulland, Barker & Jordan 
(1945) have shown, however, that guanidine hydro- 
chloride denatures deoxyribonucleic acid, and the 
probability of such action upon RNA, followed by 
aggregation, cannot be overlooked. Kay & Dounce 
(1953) have used sodium dodeoyl sulphate as a 
protem precipitant and they obtained material m 
60% yield having sedimentation cooflicients of 
about 3 s, corresponding to a molecular weight 
value of 2-3x10*. It has since been shown by 
Allen (1954) that dodecyl sulphate does not com- 
pletely mactivate ribonuclease under the conditions 
obtaining in this method of preparation. Strong 
salt will spilt a certain proportion of the cytc^lasmio 
nucleoprotem, but only on prolonged stwding, and 


RNA thus obtained by Kerr & Seraidarian (1949) 
showed endence of considerable enzymic depo’y* 
menzatlon. ' . 

In the course of investigating these method, ii 
was found that after mild acid treatment a wrge 
part of the nucleic acid was easily separated wo 
the associated protein and lipid by a p®"5“ ® 

heating in salt solution. The protein flocculated 
precipitated, leaving most of the . 

solution together with a small amoimt of pt 
which could readily be removed by 

chymiotrypsin. It was also found tbatt . 

oir^tivo with isolated cell fractions. The 
acids obtained have hts 

the range 2-3 s. corresponding to ^ ^ 

of 2-3 X 10*. It is possible that the nbo"* 
of high molecular weight obtam^ ^^crreSion of 
workers. are artifacts produced by . jt 

particles as a result of the reagenU 
must be admitted, however, that 
merizBtion may occur dunng the heating p 

EXPERIMENTAL AND RESULTS 

PreparaHtm of rtionucleK acids ,nd 

Freshlv excised and chilled rat h^m ^ ^ Waring 

. ■ ‘ Ils vff* 

oration* 

‘ . ■ ■ " ' L .1 - ’ ** 

op to the heating process were earned ou 
quickly as possible to 


( 746 ) 



190 


J. A. V. BUTLER AND P. F. DAVISON 


111. Bounce, A. B-i Expll. CtU. ReseaxtJi, Sappl. 2, 103 (1952). 

112. Dallam, R. D., and Thomas, L. E., el Biophyt. Ada, /3, 79 (1953). 

113. Vendrely, R., and Vendrely, C., Nature, 172, 30 (1953). Vendrely, C., 

Knoblocb, A., and Vendrely, R., Biochim. et Biopkys. Acta, 19, 472 (1956). 

114. Knobloch, A., and Vendrely, R , Nature, 178 , 261 (1956). 

115. Mayer, D. T., and Gulick, A., J Biol. Chem , 148, 433 (1942). 

Il6 Stedman, E., and Stedman, E., Nature, 152, 267 (1943). 

Il7. Wang,T.-Y.,Mjero;?hnAl»sfr.,lJ,813(1951) Wang.T -Y., Kirkham, W.R , 
DaUam, R D., Mayer, B. T., and Thomas, L E , Nature, 165, 974 (1950). 
Wang, T.-Y., Mayer, D.T., and Tliom.as, I. E , Esvtl CellResearch,4,^44 
(1953). 

118 Hamer, D., Bnl. J. Cancer, 7, 151 (1953), 

119. Miraky, A E., and Bis, H.,/. Gen. PAj/siol.,5/, 1, 7 (1947). 

l20 Ti— -'•ft \ T «*-ft 

121 . 

122. V • • . 


127. • 

128 • •• . • 

129. Mirsky, A. E., and RU, H , Cold 5pnnji Harbor Symp. Quant, Biel., 12, 143 

(1947) 

130. Cranipton, C. F., Lipsliitz, R, and Cbargaff, E., J. Btol Chem., 206, 499 

(1964). 

131. Watson, J. D., and Crick, F. H. C., Nature, 171, 964 (1953) 

132. Schwartz, D., J. C«Uul<ir Comp Phy$iol,45,&}ipp\ 2,171(1055). Platt, J. 

R., tWd., 4/, 181(1955). 

183. l/CviQthal, C , Proe. Natl. Acad. Sci. V. S., 42 , 436 (1956). 

134. Butler, J. A. V., Radiation Research, 4, 20 (19^). 

135. Mazia, D., CeUuhf Aepede of Bow Afedtaniems in Radiohioloyy, Mational 

Research Council, 450, Washington, 1956; Henry Ford Hospital Sym- 
posium on Enzymes, Academic Press, New York, 1956, p. 272 

136. 7 ^ 

137. ■ • . ' . ' 

138. ■ ■ ' . • • • •• fl955). 

139. ■ . ■' • 

140. • •• • ' ’Dort, p. 345. 

I, . ■ ■ . . , 

141. ....... . 4J5 


142. Alfert, M../. S^<»P^V»•R•«*«n CyW.,5, 109(I95G). 

143 f... I If*.. » . - 

144. 


\V., and 


145. Bakay, B , in press. 

140. Bakay, D., and Toenmea, G , tn press. 


( 745 ) 



Vol. 66 


RIBONUCLEIC ACIDS PROM RAT LIVER 


ore given in Table 3 as moles of baseimoles of 
adenine. 

It is seen that nbonucleio acids obtained from 
cell fractions by the heat preparation do notdiifer 
appreciably in composition from the whole, cyto* 
plasm RNA as regards base composition. Hiese 
results agree closely with those of Crosbie^ Smellie & 
Davidson, which are mcluded in Table 3. TH© ratio 
of 6*amino base to 6-oro bases is constant and near 
to unity for all the preparations, as found by Elson & 
Chargaff (1955). [That the values are uniformly less 
than one may be due to the method of hydrolysis 
(Crosbie et al. 1953)]. 

RNA prepared from fraction II by the detergent 
method differs markedly in base composition from 
RNA prepared by the heating method, as shown by 
the ratio (adenine + uracil): (guanine •fC}^tosine) 
However, the purine : pyrimidine ratio is unaffected, 
as is the ratio of 6.aimno groups : Q-oxo groups. 

iSiedimentafion analyaia 

The sedimentation behaviour of the preparations 
was studied with a Spinco analytical ultracentri. 
fuge. As a rule, only one broad peak was observed, 
as 13 shown for a 1 % solution of RNA sample 82 in 
10 4M*NaCl in Fig. 1 (c) (5«.,a2'35s). However, 
in a few cases, a double peak was observed; e g. with 
RNA sample 48, obtained by heating the whole 
cytoplasm homogenate at 100* for 10 min., without 
subsequent treatment with chyraotrypsin, a 1% 
solution in water gave two peaks, as shown in 
Fig. 1 (a).withfi'jo.,s=4-06s (A) and 2-32s (R). It 
was thought that the material A might be an 
aggregated form of B and 2 M-urea was ^dded to the 
solution in an attempt to break up such aggregates. 
Under these conditions, however, two peaks were 
again observed [Fig. 1 (6)1 with sedimentation 
coefiicients, corrected for changes of density and 
viscosity „=s2'9s and 2-l8). After dialysing 


out the urea the sedimentation coefficients returned 
approximately to the original values (5j^,=4 23s 
and 1*91 s). The results show that A undergoes some 
changes of shape or aggregation in urea, but it doe* 
not become identical with B. This means that they 
are probably two distinctly different substance*. 
Since the N/P ratio for this preparation iias 2 05, it 
contains about 20 % of protein and the component 
is thus probably a nucleic acid-protein complex. It 
may be noted that in preparations treated mth 
chymotiypsin to remove protein no such double 
peaks have been observed. 

An estimate of the molecular weight, as calculated 
from the mean sedimentation coefficients (deter- 
mined in 1% solution in OTlM-NaCl) and the 
diffusion coefficients, determined in the Perkia- 
Elmer electrophoresis apparatus (1% Boktionsoi 
RNA, which had been dialysed against phosphate 
buffers, pH 6'8, at ionic strength 0-2) is given in 
Table 4. The value of the partial specific volume of 
RNA used in the calculations was 0 523 (Delcamhe 
&■ Desroux, 1950). 

Such values, calculated from sedimentation and 
diffusion coefficients mewured at finite concentra- 
tion, can be only approximate. However, smee 
Grinnan & Mosher (1951) found that Sn wr their 
RNA of rat hver varied little with cODcentrslionup 


only 20 ixjiwtwii xeio . 

is likely that these values for the molecular weig 
are of the right order of magnitude 


Table 4. Sedimentation and diffusion ^ta 
for BNA from cell fractions (see uzt) 


Fraction 

H (microsomal) 3 70 

in (supemaUnV) 2 4 


7-0 
10 6 


26 000 
•11000 


Fig. 




aJ 


double po.b 
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acidifying to pH 4-6 with »f-HCI and waa collectwl liyecntn- 
fuging at ISOOg for 15 min. This step was found to l>o 
essential for efficient remosal of protein at later stages. 


Itpid material. 

A fairly complete separation of the protein and nucleic 
acid was obtained by heating the acid precipitate at 
neutrality in salt solution. After dispersing in 2»*N'aCI 
(1 1 /l&Og. of rat lirer) and adjusting to pH 7 with 0 1 h- 
NaOH, tbs suspension was heated for 10 min. at 80* with 
continuous mechanical stirring. These optimum conditions 
were found from tnal runs, shown in Table 1, yields being 
calculated as a percentage of the RXA present in the starting 
material as given hy Thomson, Heagy, Hutchison & 
Bavidson (1953). Whde higher temperstares gave products 
with high sedimentation coefficients, these acre not the 
mult ofincreased extraction of highly polymerized material, 
as the yields were usually lower. Xorthrop & Sinsheitner 
(1954) have found aggregation of RXA to occur on healing 
at high temperature for several minutes 
After heating and cooling rapidly again to room temper- 
ature, the flocculated precipitate was removed by centri- 
fugiagi leaving a lemon-yellow supernatant. This contained 
the extracted RNA, which could bo precipitated by the 
addition of 2 vol, of 93% ethanol to give products with 
N/P ratios ia the region of 2. Purified products were 
obtamed by digesting the supernatant with chymotcypainat 
pH 7*5 for 16 hr. before precipitating with ethanof The 
RNA was then reprecipitated from isotonic NtCl solution 
and finally washed with 70, 75, 80 and 90 % (v/v) ethanol- 
water mixtures It could be dried with ethanol and acetone, 
or by freeie.dTy{sg. This gave samples of RNA having N/P 
ratios of 1-7, which on hydrolysis and paper chromatography' 
were shown to contain ribose, adenine, guanine, ucaci) and 
chains, with only a trace of thymine corresponding to leas 
than 2% of DNA. The biuret reaction was negative and 
®^^®**®grsphy of the acid hydrolysate revealed less than 
1 % of protem. 

PreparoiMw 0 / nbonuckie acids from cytoflaimte fraetiona 
pure cell fractions were prepared hy the method of 
SchneiderAHogeboom (1951). The cytoplasmic homogenate 
WM prepabed m 9 vol. of 0 25u-sucrDae with a Potter- 
blvejhem homogenizer fitted with a Teflon (polytetra- 
fluoroethyJene) pestle. Nuclei, unbroken cells and cell 
debris were removed by centnfuguig at J200 g for 15 mio 


Fraction I was brought down at 10 000 g for 20 min and 
washed once by rcsu«pcnding in 025M-8ucrose and centri- 
fuging again. Fraction’ll was obtained at ZGOOOg for 
1-S hr., leaving the supernatant (fraction III). 

Fractions I and II were suspended in 0 I4sf-XaQ and all 
three were acidified and heat^, as in the whole cytoplasm 
preparation. Fraction I, predominantly a ‘mitochondriar 
fraction, was contaminate with considerable amounts of 
’microsomal’ RNA (see Table 2), owing to the inadequate 
fractionation obtained by the method of Schneider & 
llogeboom. The degree of contamination depends on 
whether the ’fluffy’ layer (Schneider & Hogeboom, 1951) 
is added to fraction I (preparation A) or fraction II (pre- 
paration B) Sufficient resolution is obtained between 
fractions 11 and HI to justify a comparison of their pro- 
perties. 

UNA was also prepared from fraction II by the sodium 
dodecy) sulphate method of Kay & Bounce (1953) 

Bo»e anolyaia of nbonucletc acida 

Base analysis of tho various preparations was 
mado by the method of Wyatt (1D51). Hydrolysis 
was carried out with 72 % HCIO* for I hr. Results 


Table I. Infuente of experimental eonditiona 
on amount and nature of the product 


(Conditions of heating 

Product 

Yield 
(pptd by 
ethanol) 

)n2M-NaCl 

N/P 


(%) 

50*/30inin 

No flocculation 


60*/10iDin 

1-93 

2-18 

20 

80*/10imn. 

I 70 

2 12 

50 

80®/30 mm. 

1*71 

3 33 

20 

l0(r/5 mm. 

201 

5-2 

20 

I00*/10intn. 

I '87 

2 76 

15 

lOO’/SO nun. 



Negligible 


Table 2. Yields of RNA prepared from cell fractions 
Fraction no. (mg /250 g of liver) 


Freparation 1 II III 

A 340 80 225 

B 100 160 215 


Table 3 Base composition of RNA prepare from rat liver 


SDS, Sodium dodecyl sulphate os protein precipitant. (Molar ratios with respect to adenme-:!.) 


Preparation Guanine 

****iple 48 IVhole cytoplasm 1-74 
RNA sample 55 Whole cytoplasm I -76 
KNA sample 101/1 Fraction H 2 09 
RNA sample 101/3 Fraction HI I -80 
RNA Whole cytoplasm (SDS) 2 76 
RNA^Mmple 101/4 Fraction II 2 47 

^NA^Mmple 100/2 Fraction 11 2-5S 

RNA Whole cytoplasm* 1 76 


Cytosine 
1-53 
151 
1-75 
156 
223 
2 01 

2 13 
1-36 


Uracil 

082 

083 

091 

082 

073 

090 

0 83 
0 8 ^ 


(Adenine 

uraej):(guanitie + 


G-AminoiO-keto 

Purine . pyrimidine 

cytosine) 

099 

M7 

0 56 

0 97 

1 18 

060 

092 

1-16 

0 50 

0 98 

1 18 

054 

0 93 

1-27 

0 35 

0 89 

i-ig 

0 42 

0 92 

121 

0 39 

0 93 

1-27 

0-68 


* Crosbie, Smellie & Davidson (1953): HCIO^ hydrolysis. 
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Wlicn homoecnired mammalian tissue was ex- 
tracted with a tnO'phaso phenol-water mbeturo at 
room temperoturo ribonucleic acids (RJfA) were 
released into the aqueous la^-er, whereas deozy* 
ribonucleic acids (DJTA) remained completely 
insoluble with the denatured protein. This method 
has been de\-ef<»ped os a preparative procedure for 
RKA (Kirby, 10566). 

Replacement of the water by solutions of certain 
anions brought DNA as well as RKA into the 
aqueous layer and the effectivoneas of some of the 
salts used has been reported in a preliminary note 
(Kirby, lOSflu), 

Most of the tests have been carried out with rat 
liver, but similar results have been obtained with 
rat kidney, spleen, testis, a hepatoma and ealf 
thymus glands. The tissue was homogenized with 
isotonic solutions of the salts, adjusted to pH 6 6 
in order to avoid complications by release of nuclear 
matenals through osmotic or pH effects. DKA was 
liberated when potassium cyanide or ethylene- 
diamine was used at pH 10, but remained insoluble 
if the pH was 8*5. 

EXPERIMENTAL 


Pl«c»* pf tiiius (I 5;.) wrre treated with the tolutioc of 
the compound to be tested (20 ml) in an tune 

grinder and the mlztnn wu pouird off ftos uy Sbraui 
matter which remained at the bottom of the tnle. Fheool 
(i^%>w/«};20ml.]waaadd{dtotbettstu6mutQftaBdt&e 
two. phase syitem was stirred or ehaheo rigorensly for 1 hr. 
at room temperature. The extract of phenol and water was 
theo centrifuged at 1 000 f lot from 1 9 min. to 1 hr., depmi- 
Ing upon the riscosity of the aqueous layer. A relume 
(I ml.) of this aqueous inpemsUnt layer was withdrawn. 
Disebe’s (1030) reagent (2 ml.) was added and thamittw 
was hea)^ on a boiling-water bath. The dsrelopment of a 
Wue colour was a positlre iodicatioa of PXA. Another 
I ml. portion of the aqueous Uyer wes withdrawn, 1 ml of 
ethanol added and the mixture shaken rigonnaly. A 
fibroos precipitate showed thst DNA was present. The prt- 
cipitotion lest was essentia] where the Pwche colour wm 
inhibited by the salt in eolution, as for example with 
KSCN, Xa^O* and p-aminoeaheylate. The Puehe test 
was then applied to the precipitate after washing and 
dusolutioQ. , 

It wae essential to homogenize the tissue m the 
tion first and then to treat with the phenol, wnce no p>A 
was released by treating tissues with water and ^eno an 
eubecquently adding the effcctire salts. 

Extrxu^ion of liver homogenates vnih n-buianol 
and protein denaiuranls 


Test for the release of deoxynbonucleic acids 
The salt solutions were prepared either directly from the 
sodium salt or by weighing the acid, titrating It with H- 
NaOH to pH 6 5 and adju<iting to the correct volume with 
water. When the sodium salt was msoluWe at 0-15 M-concen- 
tration, as with riboflavin phosphate, nitroso.2-nsphthol- 
3 6-disuIphonate (nitroso R salt) and spermine phosphate, 
a saturated solution was used Completing agents which 
were insoluble in water were dissolved in I or 2 ml of 2- 
methoxyethanol, then water Was added and the unxtnTe 
used with any precipitate present. 

• British Empire Cancer Campaign Research Fellow. 


Rat luer (7 6 g ) was bomogemied m water 
Oml. portions were taken and the various . 

lK.«n h T«W« I uiciirf. .od 

•buUnrf (20ml.|. When lh« i..tr " 

•Ifisr-eodiom sab'cylate and treated with the same 
» above, exactly the same results were obtained 
Rat liver (1-5 g ) was homogenu^ in 
rtfium salicylates resorcinol (lOg) fsa ^ ^ 

,Ul«™ .h.km. b»t oo ENA K.»ld » 
moval of insoluble material by centrifuging 
,butt„,l (8 ml ) .nd .toytaorem.! (« 8 
imogenate and subsequent separation res 

test for DNA being given by the aqueousisj^- 
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Fig. 2, Titration ourvea of BNA sample 55 (from whole 
cytoplasm): I, starting from neutrality to pH 3 6 and 
then to pH 11 , II, starting at pH 7 to pH 11 and then to 
pH 2 6 . 

Titration curves 

The preparation RNA sample 55 was titrated 
from neutrality both m the acid and alkaline 
direction and the pH values were obtained with a 
Poran Alkacld glass electrode (L>S B. Components 
Ltd., Stroud), and in each the forward titration tvas 
succeeded by a back titration through the whole 
accessible range of pH (Fig 3). No significant 
amountofhyateresis is observed betweentheforward 
ond back titrations. 

DISCUSSION 

The method of preparation of RNA by heat de- 
natunvtion of tho protein has the great advantage of 
speed, since tho time during which tho nucleoprotein 
preparation is above 3® U much less than with some 
other procc'wes It would appear that as tho RNA 
18 quite stable after tho heating process, tho nbo- 
nuclease present is removed with the flocculated 
protein Tho molecular weight of tho product is 
pimilnr to that of tho preparation of Kay & Dounce 
11953) and Volkin & Carter (1051). The higher 
molecular weights found by Gnnnan & Moslier 
(1051) aro not obtained. It is not certain, however, 
that no degradation occurs dunng the preparotion, 
especially since heating for a longer penod produces 
a more degraded product Tho absence ofliystcrcsis 
m tho titration cur\ os means that in the preparation 
oxnmmwl no ovidenco of a hydrogon-bondod 
structuro was obtained 


SUJDIARY 

1. A method of preparation of ribonucleic acid 
from rftt liver is described involving heat denatura- 
tion and separation of the protem and lipid com- 
ponents. It has also been applied to cytoplasmic 
fractions. The yield is, in general, not greater than 
60%. 

2. The ribonucleic acids obtained have mole- 
cular weights between 10 000 and 30 000. The 
composition of the ribonucleic acid obtained 
from the microsome fraction differs appreciably 
from that obtained by the sodium dodecyl sulphate 
method. 
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iliehlomWozrno »«, lo /xiitaj p.ir„t (Ito-j a„i„. 
fltwut ancj heating hai contmuejl for uiottier 

411 min. The cnnlent* of the (uiio \»ef« fay th<.B * 
yeffow, blit no insoluble matter hail ne/Airatwi. Thetafacirai 
oiH-ne.1 MiTfutly. after freeiing in WkI CO,. atiAl the 
cimtenta \»ere ijUAfttiMtiieJy {mruftTred U» a tnull fl«k 
{HIO atAminnl groun<l gla.t Joint) «h{cfa atUrhM lo 
a ruUry e\n»r*F"*-— r . - . • i • 

Tfinfr'iitfuc’ • *1 , ■ ^ . a * • ' 

tht« soitithm ■ •• : •! . 

mntogeatihy vi'UAlwan jvtjier no 4), Tlie aolycDH uv4 
were methanoI-M 0.v-»Ct-«4ter (7;2.-I> (Ktrby. Ifty;. 
After tlevclojiment (10 hr.) the j«prr waa lirfrel at room 
temperature, the apoti wero marknl wjih ifao aM of a 
IfanoMA iK'tectoiito {amp iHamnia IS.J , Wough. nucka) 
anfftheUMCieinteilvrithSni! of»olrcnl.Tofluta|l,j/Dine. 
ojttymm ami aJemneO Is.JICl wai u'nJ, ami 0Sv-}{Cl fair 
Riianine. The < ^tiniaticiiM uere carnei! out In tfacu»uil »a*' 
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wljUon ami tha coloun were deulopsi in the dark 

Tlio ninJodrin colour* uereronrertec] into their copper 
c<»mpictM. The j,ink *pots were cut out, fho cefour »m 
eluteij Hjih BO% Ciethanol-watcr (5 ml ) and the 
»l-v.fj.tioti. wen* read at 600m^ on a I'nicam ipectro. 
imotometer. 

Stanifard anfut I'oiu of the aroino aefj* <0 2 or M %) wen 
cbrnin»to7*H*''’-* < , : • . , . , 

Mif' . 

<if I . ■ . . . 


1 Oi aiuiuu acui mimi ol 


Test /or the presence of rilonueleotides in 
deoTi/ribonucleic ocid prcjxjrotioiM 


1 • ■ ■ ‘ ^ 
(»■''* ••«a** 

UMuyiiig agriii ol } j*ke A JiubUryw 

AVfimfltiori oj (imino acids 
DNA fl5 <Bg.) rat weighed into a tubo ami mixed with 
6 S.'T.ilCJ (0 5 mi J. Tlic tube wa< aealeel and the mixture 

BiloWrtl to 4 V. »>'• , 


trnnilernd in a imall fla«k (tl|0 ttandanl ^un<lgla.i* 
neck] which ua« attached (<i a ruL^r)' evajvrator and the 
IfCf remoieil at 40’. IVafer (05ml.) ri* added aerrre) 
timc^ until no IfO wai left, A t olume (0 J jmJ.) pt wafer- 
scctic acid (4-t, r/v) wa* addi'ih and wfam e* much a* 
(iOTiib/oof the reiidiiohad lioendi'Lvilre*] it ha* trandereei) 
to a *1111(1 tiitio and centrifuKid A jirirtlon (001 ml) of 
thvi solution was used for (ho determination of i'< 

r«i*er chromatography vaa carried out nith llTiatniao 
no. I pAper. A «lieet 47 cm. x 1 0 5 cm. wai uwnI for singlc' 
way chromatography an<l one 47 cm. x35 cm.forchrotnato- 
graphy end elcctrephorcsn A volume (00- ml) of the 
hyi(rojy«l.«*r)Iii([<in wMojipIiciI tocach |v»/wranU both were 
chnimntcigmphcil fay upnard development along the longer 
length fur 20 hr. A mixture of cthjl rnclhjl ketonc-acctic 
aciJ-Matrr (3.1.1, fay vol ) was adJei] as * developing 
sob ent, « Inch roie about 40 cm. in the development lime. 
TTio jutpen were dried at room temperature. The smaller 
paper was ipraj cd with ninhj drin solution, and the colour 
was allown! to develop during 4S hr., after which the |«pcr 
was sprayMl with a solution of copper acetate {100 tog ) in 
water (C ml ) and ethanol (94 mb), and thespotscorresiKind- 
ing to lyaino (/if. Oil) and arginiuo (B, 0 10) were rrmoved 
fur quantitative estimation. 

Tlio larger paper wa.s prepared for eJeetrophoresb as 
follows; molten paraffin wox ^as applied to adeptb of about 
8 mm. along the shorter lengths of the paper} holes were 
punchedattheeentrvsofthe waxed edges and, afiersprsying 
the pafier evenly witii 0 OSJu-acctic acid, it «as hung hy 
two hooJr* in a Terspev c?ectTOj'horca 0 cabinet with 
0033M-aeotio acid as the conducting solution E1«A«>« 
phoresis (0 8 ms. at about 2 C 0 v, eonstirtt current) was 
allowed to proceed for 10 hr., when tlio papcrwai removed, 
dried at room temperature and sprs^ed with nlnhydnn 


nXA pfrparalbn (7 5 rag ) was heated in a sealed tube 
with Sf-ltCl(0 05 rat.) for 1 hr. at 100*. A portion (0-01 ol.) 
of this solution was chrureatographed on UTstman do. 4 
paper wUh the solvent syxlcm ethyl methyl Velone^cebe 
swhi-vatrr fay rol). 

Hibose. if peesenl, »ai detected by iprayuig the J*p« 
With ofuiine hydrogen pblbalate (Partndge. i949) and beat- 
ing at IM)* for fi mm. 

examination of the derrioped. dried paper vttb a 
‘llanoria Detectolite lamp showed a hriKianlly Wue 
fluoreseent ipot (f?/0-5l) in addition toa numbcrofolbef 
alrsothing spnia. A blue fluorescent spot with uoilar jupft' 
chromatographic and ultra violet hgbt-ahsorblng character 
Utica was prodoeed bv heating guamns llwtile) '*'th 
deoiyriboso (5 moire) with .v-lflS at 100* for 1 hr. Tbsa Mw 
fluoccacent ipot liad ibe sjaie in the above mlnut audio 
a non-acidie one (ethyl methyl ketone-fret -hutanol-water 
C0;JJ.15) 4) as that produced by hratagWh^ 

rat liter, calf thymus or herring ipcna with Ji HCU «* 

nature of the compound is unknown, hut adeaait,cytoMe 

and thjmine when heated with deoXjTiboso m S-HCl* 
loo* produced no Huorcscent niatenaVThth\M%ft‘in«v«“^ 
wav nuencbcd by ammonia, but the suWtanre WM e u 
with n.Jia, and had 259 mp, W 240 m,i. Inolkai' 
was 233 rop and an Inflexion appeared at -GO »}*• 

This fluoresccTit component is possiUy the wm® « ‘ 
described by Dunn (1955) and by Levy 4 Sne(fi>atcr 
These authors reported a white 'i-'nf 

appeared on paper chromMography of * 
cwirihuraus DNAhytr-Ua Ihmnwwoftheopimon h* 
the eubaUnce wav a guanine denvatire but 
guanine dtosynbosido did not produce a fluorescent eom 
ponent with Jr-IlCl unless phosphoric actd wss present. 


RESULTS 

impound, that hovo been iMted with »' K™' 

own in Table 2. v i nf 

or^ioi. 5f O.VA Sy coHoj™. The 
livnlcnt metal ioM to promote the •bao'P' 

A by nn insoluble prolciti , 

rm 5 the uptake ot DMA by coi age" 
cen lrcnle.1 uilli votioue roelol WM. T 
are shown in Toblo 3. 
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Table 1. for release of deoxyribonucleic acids 
u-ith different protein denaturants 

Rat hver {7-S g.) waa homogenized m 100 ml. of ^ter. 
Portions (20 ml ) Trere treated vrith the additives shown and 


then shaken with 20 ml. of n-butanol. 

Dische 

Addibon 

Additive 

reaction 

of ethanol 


+ _ 


Sodium dodecyl sulphate (1 g.) 

-»- + ■*■ 

fibrous 

Cstyltrimethylammonium chloride 

(Ig) 

“ 

- 

Urea (4-8 g ) 

— 


Guanidine hydrochlonde (7 65 g.) 

+ - 



Absorption of deoxyribonuichic a/sid by collagen 
Collagen (standard hide powder) was extracted with cold 
water In a Soxhlet apparatus overmght and then well 
washed with water, moat of which wa.s removed by suction 
at the pump. 

For treating the collagen 0 1 M-solutions of potassium 
OjiHjO), sodium acetate (N’aOAc.HjO), 
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removed by suction. The phenolic layer and the insoluble 
material were washed once with a small quantity of 6% 
(w/v) aodium p-aminosalicylate solution, and the aqueous 
layer was separated by centrifuging. The combmed aqueous 
layers (400 ml.) were stirred and 2-ethoxyethanol (400 ml.) 
was added. The fibrous precipitate was removed with a 
glass rod and placed m water (100 ml.) immediately. The 
D\A dissolved after shaking for 30 nun and sodium 
p-ammosalicylate (0 g.) was added and the DXA was pre- 
cipitated again with i-ethoxyethanol (100 ml.). In each 
case a flocculent precipitate of BNA remained m the water- 
ethoxyethanol mixture. The PXA precipitate dissolved 
quickly in water (100 ml.); sodium acetate (XaOAc.H^O. 
4g.) was added and the DNA precipitated with 2-ethoxy- 
cthanol (100 ml.). ^This precipitate was dissolved in 50 ml. 
of water, sodium acetate (2 g.) and nbonuclease (1-5 mg. 
in I ml of water) were added and the mixture was allowed 
to remain at 2* for 16 hr. The DN'A was precipitated by 
2-ethoxyethanol (50 ml ) and as much as possible of the 
solvent removed from the precipitate before it was dis- 
solved in water (33 ml ). When dissolution was complete 
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curate (8 8g.) were dissolved in water, n-NsOK (26 ml.) 
was added and the solution was made up to 500 mi Ferrous' 
sulphate (13 Of )waa dissolved in 230 ml. of 0 1 u-potassium 
citrate; n-^aOH (10 ml.) was added and the mixture was 
made up to 500 ml. 

The wet hide powder (4 g.) was mixed with 100 ml. of each 
of the above salt eolutlotis and the mixtures were shaken 
ofiCMionaUy dunng 1 hr., after which the solutions were 
filtered off. The metal-collagen complexes were suspended 
in water (100 ml,l and filtered nff ft,.,- 


«as lull i>u xue u>p layer was esparatea trom any 
insolahle material and centrifuged in polyethylene centri- 
fuge tubes ID a Servall centrifuge at lOOOOg for 1 hr. The 
clear organic layer was carefully poured from any insoluble 
sediment, a few drops of toluene were added and the mixture 
was dialysed twice against water (2 1. each time), and twice 
against I % sodium acetate (3 1. each time). The contents of 
the bag were then removed, centrifuged, made up to 4% 
(w/v) With respect to sodium acetate (the volume is usually 
about 100 ml.), and the D>fA was precipitated with an 
equal volume of 2-ethoxyethanoI. The fibrous precipitate 


uiai«a collagens were weighed out. and tn the first was 
second rat-Uver DNA eolutlon 
(10 ml > and to the third calf-thyraus Dj(A solution (10 ml.) 
were added, and tho mixtures were allowed to remain in a 
cold room. Tho •>.*0— »s — .» nr- , 

f , ' ' ■ 


feofntion of dtoryribonudeic aculsfrotn rat liver 
U WM advantageous to allow tho rats to fast for 21 h 
vfore removing the l.vers The animals were killed I 
reaking Ihrtr necks, the fivers were removed and I 0 
wMutely dreppe,! on to soM CO*. Tho pooled rat Uve< 
(•» K) were broken down in a h?gh.»pr«l mfxer (45 sec 
• O' * "f aoilium p-aminosaliejUte (COO mb t 

0 w/v; not ness^nly all ad.icl at onre). The mixtui 
poured throuph a tldehner funnel to maove filires an 
r stirred while Moral of Put 


liver, which indicated that there were few losses, as Thomson, 
Ileagy, Hutchison A Davidson (1053) reported values of 
210-20-7 mg of DXA P/100 g. of rat liver. 

DXA has also been prepared in exactly the same way 
except that the livers were broken down in sodium trichloro- 
acetato (O-Sm) or sodium benzoate (0 3 k]. The yields were 
about the same. 

DNA which had been precipitated each time with ethanol 
instead of 2-ethoxyethanot could be separated from ribo- 
nucleotides present by dissolution in water and precipitating 
twieo with 2'ethoxyethanol In the presence of sodium 
acetate. 

/Merminutiori of base ratios 

The base ratinsof the DXA weredetermine*! by hydrolysis 
withformlcacld in the following ttianner{Vischcr4 Chargaff, 
IMS} Wyatt. 1031): 1)N’A (2 ft mg ) was weighed Into a test 
tube iaa,le of heavy walled PyrrX glass (0 rota. « 70 tnm.); 
the neck was mnstnctetl and f<*rmic arid (AnaUU ; 0-S ml. of 
was a<l>I<s!. The tube Was eeaJcJ at the ron>(rieli'>n 
ami attoweil to remain wnld the DN'A ha<l d«»o|vr«l. The 
tuf« waa then placed In a Urge test tulw containing I 2- 
dJchlocobenrene and fitted with a reflux roroieowr. The 
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Cation 

Cu*^ 

Co**- 

Fe«* 

iln**- 

Zn»^ 

Xa* 

K* 


JIETHOD TOR ISOLATION OF OEOX^TIIBONUCLRIC ACIDS ^ 

Table 3. - Absorption of deoxyribonuclfie acids by collagen 

Calf tlijmui DXA 
Optical density 


Rat-lirpr 1>XA 


Optical density after 


Original 
optical 

density 2 4 7 14 

(MSmp) daj-s days da^a day 


0 7 a 
0T2o 
0-723 
0-725 
0-725 
0 403 
0-405 


0 54 0 493 0 433 0 37 
0 02 030.1 0533 0-50 
0 07 0 610 0 500 053 
0 61 0 595 0 505 0 43 
OCO 0555 0520 047 

— ~ (Mt7 041 

— — 0-403 0 405 


DXA left 
in soln. 
(% after 
14 days) 
49 9 
67-8 
72-3 
59-2 
Ot-5 
100 
too 


Original 
optieaf 
density 
(258 m^i) 
0-855 
0655 
0 853 
0653 
0 653 
033 
' 053 


2 4 7 14 

days days days days 
0 545 0 453 0 38 0 31 

0-523 0 485 045 O4I 
0585 0 55 0 4 7 0-42 

0 535 0 48 044 0 39 

051 046 043 03s 

- 0517 050 

— 0525 053 


D.VAIeft 
iQ soln. 

473 

625 


Toblo 4. A tiali/^ea and base ratios of deoxsjribonueleie asids extracted in different uayt 
OT?!™™.”” n'” “)• 0 3«->r.thlo>o.ceUla: {eolonsn k). 0 SK-p-.mnoul.cylite, Mona,), 

0 3M.Lcnioate. Dm. nitioa .re o.pmnod M „„|„(IOOnol« of loulbuc. 


(base ratio) 


Ouamne 
Adenino 
Qtosine 

'Iftymino ,, , 

^ (%l 

P (%) 

.N7P 

Svrj (25S Qip) (in 0 1 X'XaQ) 

♦isj (238 01^) (in water) 

F (atoai</100 moles of total bases) 


21-1 
293 
20-2 
296 
13 20 
802 
1-64 
5900 
7700 


5 e 

21-3 221 

29 1 295 

201 198 

295 288 

119 125 

7 24 7-22 

1-64 1-73 

634 0 6580 

8150 8000 

97 — 


After the separation, DXA, RXA and small hydrol>-si3oftboDXAwithx-HaatIOO*forlhr. 
amounts of polysaccharides w-ero prvsent in tho followed by paper chromatography of the solution 
aqueous layer. Addition of ribonucleaso brought ahowed tho presence of ribese. Obviously all the 
about the breakdown of RXA, and DXA was ribonucleotides had not been separated by dialysis 
separated from polysaccharides by extraction with dcqjito the high iomc content. Complete separation 
2.methoxyethanol from potassium phosphate solu. of tho fragments containing ribose was achieved by 
tions, in exactly tho same manner as described precipitating DXA with 2-ethoxyethanol instead of 
earlier for RNA (Kirby, I056h) To judge from (he with ethanol. 

Oische reaction DXA wos entirely e.xtracfed into Analyses of D»V.4. The base ratios and other 
the organic layer, which was dialysed to remove analytical figures are shown in Table 4.- 
particles of small molecular weight, and the DXA The (CJhargaff, ID55) value is an indicatioa 
was finally precipitated by ethanol. The product (hat DXA was not degraded by treatment mtb 
wasehoivnbyhj'drolysistocontainaminoacidsnnd phenol. The sodium benzoate preparation had a 
ribonucleotides, and DXA prepared by the sodium slightly higher guanine content than the D. 
benzoate method had the highest content of amino prepared with tho aid of the other salts, 
acids Treatment with sodium dodecyl sulphate ThoDNApreparedby the three methods yie 
made little differenco to the amino acid content, varying amounts of amino acids upon hyow ysi^, 
although there was some loss of material by this and it is probable that these originated * 
procedure. The amino acid content could bo con- protein or polypeptide firmly bound to the * • 

siderably or almost completely removed by in- Thoaminoacidshavebeenestiinatedquaotita ive 

creasing the concentration of the salts used for to discoTCr if their ratios bore any relation ip 

homogenizing from 0 I5 m to 0-3ji. After this those found in histones as normally extract ^ 

treatment DXA prepared with the aid of sodium cell nuclei. Because of the large amount o gy^^ 
benzoate contained approximately 1% of amino produced by decomposition of adenine an 
acids The use of sodium trichloroacetate reduced under the hydrolytic conditions, it was essen i 
this content somewhat, and DNA prepared with ha\-e a system that gave a good serration “ 
sodium p-aminosalicylate contained only the amino acid from those to be estirnate • 
faintest traces of ammo acids. One difficulty arose chromatography with ethyl methyl ® 
in that, although it was not possible to detect acid-w-ater, followed by paper ctionof 

ribonucleotides by the usual colour reaction, O033M-acetrc acid at nght angles to the 
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Since DNA was so easily liberated from tissues by 
the method described a number of preparations 
have been made from rat liver. The cell nuclei were 
not separated before the extraction. Sodium 
tnchloroacetate, sodium p-ammosalicylate and 
sodium benzoate were chosen as salts for the pre* 
paration of homogenates since the first compound 
was a protein precipitant, the second had metal- 
complexing properties, whereas the third was not 
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laiown to possess either of these properties but 
produced ft very viscous aqueous layer. Sodium 
j)-aminosalic\'Iate was used rather than salicylate 
since, after centrifuging, the aqueous layer was 
much clearer and easier to separate from the inter- 
facial insoluble material. This separation proved 
much more difficult with the mixture produced 
from the treatment with sodium benzoate because 
of the high viscosity of the aqueous layer 
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Table 2. Compounds tested for release of deoxynhonucleic acids 

Rat lirer was homogenized with 0 15u-solutiona of the above compounds and the homogenate shaken with an equal 
volume of 90% phenol. After centrifuging, the aqueous layer was tested for DMA. A strong Dische colour was produced 
by treatment with the effective compounds; a weaker colour by moderately effective compounds and in these the 
precipitate was leas fibrous and the amount variable. 


Anions which were effective 
fn-Ammobenzoate 

2- Amino-l-Tiaphthylaulphat« 
p-Amlnosalieylate 

Aurine triearboxylate 

Azide 

Benzoate 

p-hrt.-ButylboQZoato 

Cupferron 

1.2-eyei)H«yldiamine-.ViYM'A". 
tetracarbozyUte 
Diethyldithioearbamate 
Dmhcnate 
2 6‘DipIcolinate 
llaTisnale 
Fluondo 

3- Hydroxysnthranilate 
Kynurenato 
Methylene disalicylate 
Methyl orange 
Nicotmate 

2-Nitroso-l.n.aphthoI'4.au]phonat« 

Orange II 

N -Phenylantbranilate 
2-rhenylphenanlhrme-3 2'- 
dicarlraxylato 
rhenvlphosphate 
rhlhaUtc 
Pifolmate 
Quinaldmate 
Ooinotinate 
^lieyUte 
Sorbate 
Thiocranate 
Trichloroaectate 
Xaalhurvnate 


Anions which were 
moderatively effective 
0 66M-Chlonde 

0'3M-Chlonde + o-phenanthroline 

Decanoate 

Dipheoylacciate 

2-Ethyfbutyrat© 

Gentisate 

Uexahydrobeozoate 

m-lly^zybenzoate 

NaphthaIcne-2-8oIphonate 

l-Naphlhol-4-suIpnonate 

l-NaphthyUmino-4-suIpbonate 

weMicotmate 

Periluoro-octanoate 

Sulphosalicylate 


Compounds which released no DMA 
Acetate 
AcetylactUme 
Adrenaline 
Ascorbate 
0 3u-Ch1oride 
Cholate 
Dtrate 
Cyanide 
C^teme 

3 4-Dihydroxybenzoate 
l'8-Dihydroxynapbtbatene-3 6- 
disulphonate 
Dibydrozyphenylalanine 
l:2>Dimerc3pt«prDpanoI 
3 4-Dimercaptotolucne 
A’A'-Dimetbylglycine 
«»'-DipyndyI 
Ditbio-oxamide 
Ethyl Bcetoacetate 
Ethylenediamme 

Ethylenediaraine-*VA'A"A’'-tetrm-aectato 

Clycerophoephate 

Clyeme 

Hexamelaphosphate 

Histidine 

p-JIydroiy benzoate 

H-Hydroxyquinoline 

S-HydroxyquinoIine-C-siiIphonate 

Kynurcnine 

Methylmalonate 

S-MaphthyIan)uie-4 8 duulphonste 
l-Mitro«o.2-naphthoI- 
3 ^disulphonate 
4.Mitroso resorcinol 
OroUte 
Oxalate 
IVrchlorate 
o-rhrnanthroIin« 

Phosphate 

I*n)tine 

lyridozine 

Pyrwphoephate 

itit’otUvin phosphale 

boItcyUMoaime 

h'jVTtainc ph<nph»te 

Tartrate 

Thi’^orUmelp 

ThWlyeollste 

Tryptophan 



Vol 66 


METHOD FOR ISOLATION OF DEOXYRIBONUCLEIC 


ACIDS 


DISCUSSION 


The separation of deoxyribonucleic acids ‘from 
nucleoproteins has been the subject of several 
procedures, and these have been adequately dis- 
cussed previously (Chargaff, 1955; Frick, 19S4a, b; 
Jones & Marsh, 1954). A characteristic featura of 
the problem has been the varying degree of difficulty 
with which the DNA is separated from the protein in 
different species. Herring-aperm DNA was split 
quite easily from the protamine by treatment with 
M-NaCl. This method is not generally applicable 
since, for example, the nucleoprotein of Jl/yco- 
bacterium phlei was unaffected by saturated NaCl 
(Jones & Marsh, 1954). The application of sodium 
dodecyl sulphate to the separation of DNA (Marko 
& Butler, 1051) was a considerable advance, but 
here again it was much more difficult to obtain 
protein-free DNA from bull testis than from calf 
thymus gland with this method. 

The present study has shown that a considerable 
number of salts may be used in conjunction with 
phenol to liberate DNA from mammalian tissues, 
but the salts were not equally efficacious in remov- 
ing protein. 

Phenol was as essential to the reaction as the salt 
in solution and no DNA was released when phenol 
was replaced by resorcinol or urea (in), and very 
little when n-butanol or gusmduie hydrochloride 
(4 m) was used m conjunction with sodium salicylate 
solution. Sodium dodecyl sulphate product a 
very viscous solution of DNA but cetyltrimethyl- 
ammonium chloride produced none at all. 

The function of the phenol is probably that of a 
protein solvent, in that it extracts protein which 
has been separated by the salt in solution. Denatur- 
ation of the proteins may be incidental to the 
reaction, since the more usual protein denaturents 
urea and guanidine bad no effect. The considerable 
power that phenol possesses to extract proteins 
from aqueous solution has been demonstrated by 
Grassmann & Deffner (1953). 

To some extent the activity of the salts is related 
to their ability to mtcract with proteins. Trichloro- 
Qcetate, toJuenesuJphonate, ffuoride and thio- 
cyanate ions are much more strongly bound by 
albumin than are chloride and perchlorate (Scat- 
chard & Black, 1949), and this difference in binding 
corresponds to the ability of the anions to release 
DNA. NaphthaIene-2-sulphonate showed very 
little activity in the DNA test, although this anion 
is normally very strongly bound by proteins 
(Steinhardt, 1941). l-Naphthol-4-8ulphonate was 
not much better but 2-nitroso-I-naphthol-4-sul- 
phonate was very much more effective, and the 
increased activity may be related to the presence of 
a metal-complexmg group. Probably most of the 
compounds in Table 2 have some capacity for 


binding to proteins, although azide ions are gener- 
ally known for their Ability to form complexes with 
heavy metals. Diethyldithiocarbamate. which 
forms very stable metal complexes, has a similar 
structure to 2-ethylbutyric acid, and absorption on 
to the protein may be by a similar medianisro. 
although A'iV-dimethylglycine, with a .similar 
type of structure to diethyldithiocarbamate, had 
no activity under the test conditions. The greater 
effectiveness of diethyldithiocarbamate. compared 
with 2-etbylbutyrate, may be attributed to the 
ability of the former to bind metal ions. Generally, 
non-ionic complexing agents showed no activity, but 
o-phenanthroline in combination with 0 3M-NaCl 
released a small quontity of DNA. 

The decreased activity of m-hydroxybenzoate 
and inactivity of p-hydroxybenzoate compared 
with salicylate maj^slso be related to the ability of 
the last of these compounds to form metal com- 
plexes. Evidence of the differential interaction of 
isomeric compounds with proteins is somewhat 
contradictory in that o-hydroxyphcnylaeetafe had 
a greater affinity for albumin than the p.compound 
(Luck & Schmidt, 1948). whereas more o-nitfo- 
phenol thanp-nitrophenol was absorbed by albumin 
(Teres! <t Luck, 1948). 

The inactivity of the naphthalene disulphonlc 
acids is probably related to the highly charged 
hydrophilic groups at opj>osi te ends of the molecule, 
which could have prevented absorption on the 
nucleoprotein. Orange II was the only disulphonie 
odd with any activity, and this compound pos- 
sessed lipophilic benzeneazo and a potentially com- 
plexing o-hydroxyazo grouping. The dispositions 
of the highly charged groups could also ex- 
plain the decreased activity of sulphosalicylic acid 
compored with salicylic acid, and the inactivity 
of ethylenediaminetetra-acetic acid compare 

with ];2-diaminocycfohexane-NNNW'-tetracarb- 

oxylate. 

Direct proof of the presence of metal ions m 
nucleoproteins is difficult to obtain, since nurieo- 
proteins are not easy to characterize and, uig 
insoluble, have the capacity for ion exchange- 
That transiticpn-group metals could promote t 
absorption of DNA by an insoluble protein WM 
shown by measuring the uptab© of DNA by co age 
which had been treated with various niel»» 
Practically no DNA was absorbed by 
treated with Na^ or K* ions, h“‘ «PP"f'?S 
30-50% was absorbed when th© collagen 
treated with Cn-. Co-t, Mn-, Fe- or Zu'*J» 
The metal ions are almost certaMy i 


phosphate to a carboxylnte gtoupu^ inroue 

roet.Iicaortoapurineorpyriroidmechelatu.gcnK 
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chromatography, was found to be very suitable, and 
& diagram of the amino acids separated by thh 
sj-stem is shown in Fig. 1. Lyaine and arginine w'cre 
estimated after single-way chromatography. Esti- 
mations were made with the coloured ninhydrin- 
copper complexes of the amino acids (cf. Fischer & 
Ddrfel,,1953). 

The analytical figures for the amino acids present 
in rat-liver DNA prepared by treatment with 
sodium benzoate (0-3ti} are shown in Table 5. The 
molar ratios of the ammo acids present in rat-Iiver 
histone (Brunish, Farley & Luck, 1951) are included 
for comparison. Other amino acids which were also 
detected w'ere vahne, methionine, alanine, serine 
and threonine. Theglycinespot was large and tended 
to trail into the serine and threonine spots. The 
essential difference between the results and those 
described previously for rat-liver nucleohistone 
was that there was relatively less lysine and 
ar^dnine compared with aspartic and glutamic 
acids. 

Calf-thumua DNA, prepared by the sodium 
dodccyl sulphate method, has also been hydrolysed 
and the amino acids were separoted and estimated. 
The results are shown in Table 0. Although the 
wsults an? probably not of a very high degree of 
accuracy, the ammo acids attached to the DNA 
bore little relation to those in calf-thumus histone 



fV. J. of *rit« chrvieifcUtjmpby 

»*»il rWtrof'lvorv'pit. t, Ajp«Hic 2, (cloUmk seJJ. 

S. 4, •ortoe; 6, < 1 . kUninoi pnJine* 

lo. rsJux. 

1:, 


(Tristram, 1953), and the relatively high content of 
acidic and basic amino acids was noteworthy. 

The results w’ith herring-sperm DNA were 
surprising in that lysine, aspartic acid, glutamicacid 
and phenylalanine were present. These amino 
acids are absent from herring-sperm protamine. The 
results for herring-sperm DNA are shomi in Table 7. 

Rot-liver DNA prepared by treatment with 
O-Sst-sodium p-aminosalicylato and phenol had 
onlj' traces of amino acids. No ninhydrin colours 
developed before about 40 hr. after spraying, and 
only lysine, arginine, glutamic and aspartic acids 
could be recognized Tlie omounU were too small to 
measure accurately but indicated about a mole of 
amino acid in a particle weight of 1-2 x 10* DNA. 


Table 5. Amino oetd onolyses 0 / rai-llvtr droary- 
n5o«Mc/ric acids prepared hy the use oj sodium 
benzoate and phenol 

Amno acids are ezprrucd as ft percentage of the DNA. 
MoUr ratios were calculated assuming that leucine «• 20. 



Amount 

5Iolar 

ratios 

bloUr 
ratios of 
rftt-lirer 
histone 

Lyaine 

0 22 

9 

14 

Argimne 

OU 

4 

le 

Aspartic acid 

020 

9 

9 

Glutamic acid 

020 

i 

12 

Tjrosme 

009 

3 

6 

rheafLsianjfle 

on 

4 

3 

Leucioe/i-sofeucine 

0-43 

20 



Table 6. Ammo acid analyses of calf-thymus 
deoxyribonucleic acids 

Amino acid* are expressed as a percentage of the DNA. 
3folar ratios were calculated assuming that Icucuic*30 



Amount 

020 

Alolar 

29 

.Molar 
ratios of 
calf- 
thymus 
hiitone 

n 

Arginine 

IHO 

9 

13 

Aspartic *cid 

0-23 

34 

7 

Glutamic aciij 

014 

20 

c 

rhenylalanine 

0 01 

1 

4 

Leucine/tsoleucine 

020 

30 

30 


Toblo 7. Ammo acid analysis of hemng-sjicrm 
deoTyrilcnuelcte acids 

Itrwlvs are i-sprrsw’l as a pertrnUre of iho DN.\ 


l.raifte 0</J 

Argirun*' OOl 

A>r*rut acid t><i3 

tJluVsrwe sifvt OOi 

rWiyUlsnirvo <><i.* 
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value is an indication that the DXA is no further 
degraded than by other methods of isolation. 

Whatever the explanation of the chnerenlial 
release of RNA and DNA from tissues, the fact that 
no DNA is released until certain salts are present 
before the phenol is added suggests a fundamentally 
different type of bonding between each nucleic acid 
and its respective protein. It is suggested that paralleU mi a 
RNA 18 bound mainly by hydrogen bonds between activities of the compounds tested, 
the bases and the proteins, whereas DNA is bound 


carbamato, l-liittoso.2.naphthol and o.ph.Mn. 
throhne. 1 -Nitroso-2.naphthol-3.6*di<iiitnt.^. 


k iiiu^ not bo directly related to the 
bonding of PNA to proteins, there ia an interesting 


by electrovnlent and possibly co-ordinated metal 
linkages. 

The actions of ribonuelcaso and deoxyribo* 
nucleaso on RNA and DNA is an indication of 
a difference in the interaction of the nucleic acids 
with proteins. Bibonuclease acts directly upon ita 
substrate whereas deoxyribonuclease has no activity 
upon DNA until activated by bivalent cations, the 
most active of these being Mg*^ Mn**-, Fo**‘ and 
Co*^ ions (Schmidt, 1056). 

The liberation of DNA by reaction with a salt 
(particularly sorbato and deconoate) and phenol 
has an interesting correlation with work on the 
bacteriophage. Jeaaitis &. Ooebel (19SS) have 
recently reported that the DNA of T* bacteriophage 
of phaw II Shigtlla aonnei was liberated by a 
apecilio bpocorbohydrate present in the lioet. The 
lipocarbobydrate was fractionated into a lipid 
cofactor, which is probably palmitic acid, and an 
extracted lipocarbobydrate. Neither the lipid 
cofactor nor the extracted lipocarbohydrate alone 
released DNA from the bacteriophage by combined 
treatment, nor did addition of palmitic acid to the 
extracted lipocarbobydrate bring about rclcaso of 
DNA. 

Linkage of DNA to a protein through metal ions 
(Ca**’ or Mg** ions) has been auggeSted previously 
by Mazia (1954) and I^evino (1955) for ZhosopAih 
melanogaater, and by Stefifenson (1955) for JVorfM- 
cantia, mainly from genetic evidence. Hyde (1955) 
has commented on the action of ethylenedibmine- 
tetra-acetate in the presence of CsCI, and MgCI* on 
onion-root tip and Victa /aba chromosomes, and 
Everaol <t Tatum (1950) have noted that ethylene- 
diaminetetra-acetate or manganous chloride in- 
creased the frequency of crossing over of mutant 
strains of Chlamydomonas reinhardt. The motility of 
starfish sperm was increased by ethylenediamino- 


SmDIARY 

1. Deoxyribonucleic acids (DNA) can be liber, 
ated from mammalian tissues by the action of 
certain salt solutions and phenol. Neither alone 
effected the release of DNA. The effective anions 
have strong interactions with proteins or the 
ability to form metal complexes. 

2. DNA can be freed completely from ribonucleic 
acids (RNA) by treatment with ribonucleaso and 
precipitation with 2-cthoxyethanol, 

3. DNA can be freed completely from protein by 
the use ofp-aminosahcylate and phenol and this has 
been developed into a preparative method yielding 
DNA with €^„ value 6540. 

4. ITie amino acids which remain bound to rat' 
liver 'DNA prepared with sodium benzoate bore 
some similarities to those in rabUver histone, but 
fewer basic amino acids n ere present. 

6. Cslf.thymus DNA and herring spenn DNA 
prepared with the use of sodium-dodecyl sulphate 
bad considerably different ratios of ammo acids 
from those present in their respeetK-e histone and 
protamine. . , 

6. DNA ivos absorbed by collagen treated with 
Cu*% Co**, Fe**, Mn'* and Zn** ions but not by 
collagen treated with Na"^ or K* ions. 
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ProfessorE Boylandforprovidingseveralofthecompounes 

mentioned in Tables 2-4, Dc 0. G. Fahmy for the histology 
and Sltw 0. E. Adams for technical aMutance. The hem^- 
sperm DNA was generously supplied by Dr P. Aleian 
and Dr K. Stacey. , 
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Royal Cancer Hospital and the Cheater Beatty 
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a metal-carboxylate grouping as shown in Fig. 2 
(cf. Wallenfels, 1955). 

Histological evidence was that tissues treated 
with isotonic solutions of some of the salts in 
Table 2, or with phenol, showed no change, but that 
combined treatment always resulted in extraction 
of DNA from rat-liver nuclei. Sections of the testis 
showed that only the vesicular nuclei (spermato- 
gonia, spermatocytes and spermatids) wereFeulgen- 
negative, whereas sperm heads remained Feulgen* 
positive. All the DNA was removed from the sperm 
heads when the testis was homogeniied; the sperm 
heads were separated by centrifuging and given a 
longer treatment with the salt solution before the 
addition of the phenol. The sperm heads remained 
intact and cytologically recognizable after treat- 
ment with azide, cupferron or salicylate m con- 
junction with phenol. 

Linkage of a protem to DNA by electrovalent 
bonds only would appear to provide little oppor- 
tunity for specificity in the sequence of amino acids 
in the proteins. If. however, a number of electro- 
valent linkages were to be followed by a co-ordinate 
link of the type shown in Fig 2 (for example), then 
a much greater specificity of amino acid sequence 
would be required in order to complete the bonding 
along any given polynucleotide chain, and the 
positions of the aspartic and glutamic acid residues 
would be of considerable importance. 

The activities of benzoate and sorbate were note- 
worthy in that these compounds have little, if any, 
complexing abilities. The aqueous layer from the 
extract of liver with benzoate and phenol was much 
more viscous than that from trichloroacetate and 
p-aminosalioylato. This greater viscosity was not 
due to a higher yield of DNA, but was probably 
related to the presence of protein in the DNA pre- 
pared with the aid of benzoate. The protein content 
was higher in this preparation than in those with 
trichloroacetate and p-aminosalicylate, and this 
variation in protein content with the mode of pre- 
paration could well explain the considerable 
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Fig 2. Pc««Mb mrani by »hn;h DNA coubl f.inn a cm- 
plex through » rortal with a proU'in containing Mparlicor 
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variations in the molecular weights reported for 
different samples of DNA. 

Analyses of tho protein still attached to the DNA 
showed many similarities to the rat-Iiver histone 
separated by Brunish et al. (1951), the main 
difference being a decrease in the basic amino acids. 
Hydrolytic experiments on calf-thj-mus and herring- 
sperm DNA, both prepared by the sodium dodeeyl 
sulphate method, have shown protem to be present, 
but here there were few resemblances between these 
amino acids and the composition of the histone and 
protamine respectively. Calf-thjTnus DNA had 
relatively more basic and acidic ammo acids, where- 
as herring-sperm DNA produced, surprisingly, 
amino acids which are not present in herring-sperm 
protamine: lysine, glutamic and aspartic acids and 
phenylalanine. These amino acids must be ex- 
amined in further preparations but these results are 
of considerable significance for the bonding of 
proteins to nucleic acids. 

Proteins of an acidic nature have been extracted 
from nuclei previously. Stedman & Stedman (1943, 
1047) isolated a protein, chromosomin, from nuclei 
of various tissues and found that it was character- 
ized by high proportions of tryptophan and glutamic 
acid. Wang, Mayer & Thomas (1953) extracted from 
rat-liver nuclei a lipoprotein w)iich was soluble in 
alkali and precipitated by addition of acetic acid. 
They believed the material may have been a portion 
of the nuclear membrane. The 'residue protein 
fraction' of Mirsky & Kis (1051) also differed from 
histones, which these authors claimed could be 
removed from the nucleus without altering the 
appearance of the chromosomes. The relationships 
of these proteins to those found firmly bonded to 
DNA in the pre.sent work is not clear at the moment, 
but all the evidence points to considerable com- 
plexity m tho components of cell nuclei. 

It is clear that when tissues are treated with 
0-l6M-eolt solution and phenol, a DNA-protein 
complex IS liberated, and tho same is probably true 
to some extent of tho method with sodium dodeeyl 
sulphate. The firm binding of this protein moiety, 
tho high content of glutamic and aspartic acids and 
tho complete removal of these byp-aminosalicylato 
oro further indication-s that the protein is not bound 
to the DNA solely by electrovalent linkages, and 
that bonding of tho DNA through a metal attached 
to a carbox^lato group could provido an explana- 
tion of tho experimental evidence. 

Tho U 80 of p-aminosnlicylnte and phenol has a 
number of adi antages for tho prepamtion of DNA 
from rat li\cr It is not noco«wary to isolate cell 
nuclei, a procriluro that mu'it invoKc some 
deoxj,rdH>miclenacA are prolmbly inaetivatoil in a 
manner similar to that for rilionuelea.'so and the 
jield IS gootl. Hilionucleotules and ammo acids are 
completely nljsent from the product, and tho 
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The functions of the histones in the cell nucleus 
have been the subject of considerable speculation, 
prompted by the reports of the tissue specificity 
of the histones (Stedman k Stedman, I950o). 
Although a difference between the basic protein in 
* Present Address. Biolog)’ Department, 3Iassacbii*etts 
Institute of Technology, Cambridge, Mass., U.S.A. 


the sperm and somatic tissues of the salmon and 
fowl has been amply demonstrated 
Stedman, 1950oj Daly, Mirsky & 
differcncos between various somatic tissues v 
not been so well defined. Cruft, Mauritzen 
Stedman (1954) reported that the histones Irw 
tumours had a lower isoelectric point than 
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HISTONES FROM NORMAL 

(Fig. 4). A chromatogram of a l*nclach£lt* aseites-tumoar 
extract was very similar (Davison, IDS?). No chamelerijtJe 
features were detected io which the tumour-protein pre- 
paratioos differed from those from normal tissues. 

The hVer and kidney preparations mentioned above 
showed only three peaks, and the diagrams appeared to 
resemble closely those from calf-thyrasu histones (Davison. 
1051). This suggests that the calf-thymus histones and the 
pure mouse histones have very similar ebroraatogrsphie 
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Fig. 1. Ascending (a) and descending (i) diagrams of 
fhrllch ascites-histone no. i during electrophoresn at 
pH 4 60 (ionio strength 0 2. 18 ms. lO-lv, 2br.). 



Fig. 2, Ascendmg thagrams of {a) calf-thymus histone and 
(b) mouse Ehrlich aacitea-histone no. S, during electro- 
phoresis at pH 4-38. (lonie strength 0-2, (a) 16 ma. 
80V, 3 hr.; (b) 16mA, 72v,2hr.) 


Fig. 3, Ascendmg diagram of Walker caremoma histone c/ 
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from normal tissues, as a result of which they pre- 
cipitated at pH 7. 

In the experiments reported below, the histones 
from normal and ascites-tumour cells of a pure line 
of mice have been compared. A prelimmary report 
of this work was given at an informal discussion of 
the Faraday Society, 12 October 1950. 

EXPERIMENTAL AND RESULTS 

Twaa. For the isolation of cell nuclei, the liveis, kidneys 
and spleens of 20-40 pure.Iine mico(CjHb) were used in each 
expenment They were stored in solid carbon dioxide for ap 
to 1 week before treatment Ehrlich and Landschutz 
ascites cells were transplanted into the same line of mice 
and the cells were harvested after 5-7 days. By using 
ascites cells the danger of including necrotic tissue in the 
preparation was avoided. Although the ascitic fluid 
occasionally contained a considerable nurober of erythro- 
cjtes, the percentage of nucleated non-tumour celts was 
low (about 10%). A few preparations from Walker car- 
emoma tissue of the rat were studied. 

/solali'on of eell nuclei. The cell nuclei were isolated from 
the tissues in dilute acetic acid (Stedman & Stedman, 1950b) 
or 0 OOSu-eitnc acid. In both procedures the tissues were 
initially homogenized for 30 sec. in a Wanng Clendor and 
the homogenate was filtered through 120.mesh metal gauze. 
The nuclei were eeparated from the cell debris by centri- 
fugmg, and the course of the purification was followed by 
light microscopy, the oroein-fast green stain (Kumick 4 
Ria, 1948) being used Samples of several preparations were 
fixed in buffered osmie acid, embedded m butyl methacryl- 
ate and sectioned for examination in the electron microscope 
(Davison & Mercer, 1956} 

Some preparations of nuclei were dried by successive 
washes in alcohol, acetone and ether 
Extraction of the hUlonea. To extract the histones, the 
nuclei were ground m a ball mill at O" with 0 Wk-HCI for 
3-18 hr. The debris was centrifuged down, and the super- 
natant was dialysed against water or 0 5K-acetic acid, at 0® 
The extracts were freeze-dried or preserved frozen at - 30® 
A list of the preparations from mouse tissues is given m 
Table 1. The proportion of the nuclear nitrogen recovered in 
the histone extracts is indicated. When the acid extracts 
were dialysed to pH 6 5a precipitate formed, as described 
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by Cruft of. (1954); the fraction insoluble at pH 6 5 will be 
referred to as the ‘neutral precipitate’, and the percentage 
of the total acid extract which this comprised is also listed in 
Table 1. The proteins in the supernatant at pH 6-5, which in 
every case studied formed the greater proportion of the 
extracted protein, will be referred to as the ‘neutral super- 
natant'. It was found that the freeze-dned proteins became 
Icsseasyto dissolve on keeping, and it was usually necessary 
to add O-Sw-acetic acid to achieve a clear solution Some of 
the preparations could not he dissolved completely, despite 
the use of acid, and these were centrifuged before examina- 
tion Later preparations were preserved in O-SK-acetic acid 
at -30® No quantitative analy'ses were made on samples 
which could not be completely redissolved in dilute acetic 
acid. 

EUctrophoresU. The proteins were dissolved to give a 
0 7-1-0% solution, and the solutions were dialysed over- 
night against the appropriate Miller 4 Colder (1950) 
buffers at 0®. Electrophoresis was performed in a Perkin- 
Eliuer apparatus 

In every case studied the neutral supernatant fractions 
migrated to the cathode at all pH values up to 8. Most of 
the diagrams resembled those from calf-thymus histone, 
i.e. two peaks below pH 6 and two or three above (Figs. 1, 8). 
The Walker carcinoma histone of the rat also moved to the 
cathode at pH 8 76 (Fig. 3) No experiments were per- 
formed above pH 9 since the solutions became cloudy and 
commenced to precipitate 


proteins in the preparations. 

Ckromatography. The histones were chromatographed on 
carboxymethylccllulose columns (Peterson 4 Sober, 1966). 
The adsorbent was buffered at pH 6 5 and the proteins were 
eluted with a NaCl concentration gradient (Davison, 1957) 
The distribution of the proteins m the effluent fractions was 
determined by the absorption of the solutions at 37801 or by 
the reaction with ninhydna (Moore 4 Stem. 1954). 

Except for the liver no. 2 and the kidney no. 1 prepara- 
tions, all the neutral supernatant solutions listed ui Tabled 
gave elution diagrams (measured by the nmhydrin reagent) 
containing four major peaks more or less clearly resolved. 
A small unretarded peak could also be resolved if the 
application of the concentration gradient was delayed. In 
different preparations the relative sizes of the peaks varied 


Table!. Moiue-htstone preparcUiona studied 


Tissue 


Nuclei isolation 
medium 

Nuclear nitrogen 
recovered in 
histone extract 
(%) 

Histone extract 
precipitated 
at pH 6 5 
(%) 


fl 

Acetic acid 

15 



Kbrlich ascites tumour ■< 

|2 

Citou: acid 

10 

27 


Citric acid 

24 

25 


U 

Acetsc omd 



Landschutz ascites tumour 


Acetic acid 

27 

23 

\2 

Acetic acid 

33 

11 

Liver 

|1 

Gitncacid 

21 

_ 

12 

Acetic acid 

34 

8 

Spleen 

]1 

Citric acid 

26 



12 

Acetic acid 





Kidney I 


Acetic acid 

29 

20 
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uiscossroN 

From these exporimenta it is apparent thob ftscitea> 
tumour cells contain histones which ore similar in 
eiectropborotic and chromatographic behaviour to 
those from normal mouse tissues, ihe electro. 
phorotic behaviour of the Walker carcinoma 
histones of the rot was also unexceptional, and 
resembled that of the hiatono from calf thi*mu9. 
Thus the results obtamed by this compamtivo 
study do not agree mth tlio report of Cruft «t al. 
(1954), who found the uholo of the malignant 
histones which they extracted to bo qtinhlaiivcly 
distinguished from the normal by tJieir low iso- 
electric points. 

Apart from the first two preparations of tumour 
nuclei, no consistent difToronco was noted boticccn 
the proportions of normal or tumour nuclei nhich 
could be extracted with acid. This is in agreomont 
With the preliminary report publisliwl hy Allfrey, 
Mirsky A: Stem (1955), who foun<l the histone 
content of nonnal and malignant leucocytes to bo 
the same. However, Slednmn <t Stedman (1947) 
and Hamer (1051) have reported that tumour cells 
have a low histone content. Tliis discrcponcy may 
bo due to the fact that these latter authors used 
more dilute acid for the extraction of the histones. 

Although It IS not cM/med (hat (ho basic end acid 
proteins isolated from the ‘neutral precipitate' are 
homogeneous, it is felt that the resolution into an 
acid and a basic fraction suggests that the pre- 
cipitate may result from the aggregation of the 
histones in the extract »n(h contaminating acid 
proteins. Tins would bo expected to occur iw tho 
pH of tho solution was taken nbovo tho isoolcctric 
point of tho acid proteins. Tho small proportion of 
tho neutral precipitate which cou/d not be re- 
dissolved has a composition ohoractenstic of 
neither tho ocid nor the basic components; it may 
be some contaminant which has become denatured. 

Tho contamination of tho acid extracts w'ith non* 
basic proteins is not surprising. Davison A Mercer 
(195G) have shown that nuclei isolated in aqueous 
media have protein (presumably cytoplasmic) 
adhermg to the outside of the nuclear membrane. 
Adsorption within tho nucleus ts also possible since 
the membranes of isolated nuclei are permeable to 
protein (Anderson, 1053). It is poasible that tho 
malignant transformation is accompanied by tho 
replacement of a normal by an abnormal histone, 
but the latter will apporently not be revealed by a 
study of tho gross characteristics of the histones. It 
will require a more complete resolution of the 
individual components of tho histone mixture than 
has yet been achieved. 


SUShMAKV 

1. Nuclei have been isolated from mouse-ascites 
cells and nonnal tissues. From normal- and 
malignant-cell nuclei similar proportions of protein 
could bo extracted by ocid. 

2. From roost of these acid extracts a proportion 
of protein precipitated on dialysis to pH 6 5. 

3. ITio proteins soluble at pH 6 5 were examined 
by chromatography and under electrophoresis. The 
greater proportion of them was histone. 

4. TJio proteins insoluble at pH 6 5 were 
separated by chromatography into an acidic and 
a basic fraction. 
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properties, and the added complexitj in riOTt of the 
diagrams is due to the presence of non-basic proteins in the 
extracts. The fact that the electrophoresis studies aho*ed 
the major part of all the neutral supernatants to migrate 
like histones U not belied by the large size of the chromato- 
graphic peaks which precede the fan characteristic histone 
peaks emerging last (e.g. Fig. 4a). The leading components 
may be complexes between hiatones and other proteins, and 
in any case the mnhydrin colour yield of a protein is not 
proportional to the weight of the protein. 

dnulysis; comparuon of neutral prteipUalt and auptr- 
natant. The Ehrlich ascites-histone no. 3 was dialysed to 
pH 6 5 and the precipitate and supernatant proteins were 
separated. They were hydrolysed in sealed tubes with 
6S-HG at no* for 24 hr. The amino acid compositions of 
the hydrolysates were determined by the fluorodinitro- 
benzene method of Levy (1954), modified by employing the 
coupling conditions suggested by Fraenkel-Contat & Singer 
(1958) The ehromato^aphy was also modified at the re- 
commendation of Dr D. M. P, Phillips by replacing the 
Whatman no. 1 by no. 7 paper, and by using lert.-amyl 
alcohol saturated with buETer, pH 0 (Blackburn k l<owtber, 
1951), in place of xylene-ammooia as the first solvent. The 
latter was inconvenient in a laboratory where ninhydnn was 
being used 

The amino acid compositions of the neutral precipitate 
tnd supernatant fractions are giren in Table 2 Each 
analysis is the mean of four determioations. Arginine and 
histidine were not measured The proportions are not 
corrected for any destruction of the ammo acids during 
hydrolysis. 

The substantially higher proportion of the diearboxyhc 
iicids in the precipitate was not unexpected, but the ^gh 
lysme content suggested that some his^ne might be present 
in the precipitate as well as in the supernatant. 

Jfeulral precipitate. The neutral precipitate from both 
tumour and normal tissue extracts could be redissolved 
almost completely m 0 5w-aceti0 acid. The pH of this solu- 
tion could be adjusted to 4 before reprecipitation com- 
mcnccql. Exploratory experiments showed that this solution 
contamed two fractions which could be separated by 
chromatography. The neutral precipitate from the Land- 
schtttz ascites-extract no. 2 was shaken in 0 6»-acetic acid 
and the fraction which remained Insoluble was centnfuged 

(Fi). The supernatant solution was dialysed to pH 3 
and chromatographed on a carboxymethylceilnlose column 
buffered at the same pH. The absorption of the effluent solu- 
tions at 2780d was measured and the elation diagram was 
plotted (Fig. 6). The first peak was due to low-molecular- 
weight material. The fractions corresponding to the two 
“tjot peaks (respectively F, and f ») were grouped, the pH 
was adjusted to 10 with NaOH, and 3 vol. of acetone were 
edded After standing overnight at 0° the precipitates 
whieJi bad formed were centrifuged down and hydrolysed 
The ammo acid composition of each fraction was deter- 
mined by the fluorodinitrolicnzcne method The results are 
shown mTable 3. y,, F^and F|Wero present in the approxi- 
mate ratios of 2.1 6, by wt It is doubtful, however, if 
the whole of F, was precipitated in the alkaline conditions 
employed 

An attempt was made to precipitate the non-histonc 
component of the neutral precipitate l>y usmg 034 m. 
ngS0,in0 88«.H,<?O,(Mir8kyAPollister,194B) Although 
s precipitate containing more dicarboxylic residue than 


basic residues w as obtained, it represented only a very small 
fraction of the total protein. This would suggest that some of 
the nfiid material is of relatively low molecular weight. 


Table 2. Amino acid comjiositjcm of neutral precipi- 
tate and supernatant from acid extract of aaciiee- 
tumour cells 

Composition b expressed in molar rat'os (no. of residues/ 
100 residues). Arginine and histidine were not determined. 



Supernatant 

Precipitate 

Alaoina 

12.5 

103 

Aspartic acid I 
Glutamic acid { 

17-9 

25 6 

Cystme 

0-2 

03 

Glycine 

96 

8-4 

Leucine ) 
Isoleucine j 

15 0 

14-5 

Phenylalanine 

14 4 

28 

10 7 

30 

Proline 

4 7 

3-9 

Serine 

68 

8-1 

Threonine 

68 

6-4 

Tyrosine 

2-4 

2-6 

Valine 

70 

7-1 



Fig- 5. Elution diagram of Landschutz ascites ‘neutral 
precipitate’ chromatographed at pH 3 1. 


Table 3. Am%no acxd cornposttxon of fractions 
from 'neutralprecxpxtale' 


Fractions were obtained from Landschutz ascites- 


tumour extract. Composition 
(no. of residues/lOO residues) 

is expressed ii 

1 molar ratios 


fi 

F, 

F, 

Alaiune 

13 3 

9 75 

12-4 

Argimne 

Low 

0 35 

9-4 

Aspartic acid 

81 

12 6 

5-8 

Glutamic acid 

11 7 

116 

98 

Glyeme 

11-2 

IM 

96 

Histidine 

1 6 

24 

1-6 

Leucine \ 
Isoleuctne( 

16 6 

16 6 

13 8 

Lj'suio 

no 

9-3 

10 5 

Phenylalanine 

25 

33 

23 

Proline 

30 

24 

39 

Senne 

66 

90 

74 

Throomne 

7-8 

69 

69 

Tyrosine 

1-6 

20 

1-3 

Valine 

6 1 

66 

5-7 
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O-l or O OSM-buffers; when the solution had passed into the 
column more of this buffer was added to wash the protein 
into the adsorbent. The column reservoir was filled with 
buffer and a concentration gradient to the elnting solntions 
was then produced by adding at a controlled rate a aolntion 
of the same buffer containing 0 9M-NaCl. AtiTing of the 
solutions in the reservoir was effected by a magnetio stirrer. 

An alternative device used on the stnaU columns con- 
sisted of an open-topped Perspes bo* with a diagonal 
diaphragm ofstaioless steel sealed in with wax (Fig. 1) For 
low rates of flow the two solutions meigingio the three-way 
tap mixed satisfactorily by diffusion alone. The shape of the 
concentration gradient could be modified by bending the 
diaphragm. 

Effluent analysis. The concentration of protein m the 
column effluents was measured by the absorption of the 
solutions at 27801. or by the ninhydrin reagent (Moore & 
Stein, 1954). 

Effect of pH. The chromatographic behaviour of the 
histones was studied over a pH range 3 0-8-L Sodium 
phosphate, citrate and acetate buffers (0 05 or 0*1 M) were 
used. 

At pH 3-4-6 two mam components could be distinguished 
in the effluent diagrams. These were preceded by a smaller 


as dilute as 0 OOi % The precipitates were washed m M*/ 
acetone to free them of salt. This procedure precluded the 
u*9 of sodium citrate and phosphate buffers jinee these •« 
iraoluble in 76% acetone Up to 95% recoveries of tie 
chromato^pbed histones were obtained in this »»y. 

AnaitfM. Nitrogen determinations were made by the 
nucfo-Kjeldahl method. Aminoacidanalysesweremidebj 
the fluorodmitrobenzene method of levy (1954) The 
procedure was slightly modified in detaU (Davison, 1957). 

The method of Moore & Stein (pnvate communication) 
was xufd to deteroune accurately the ratio of the hasic 



complexes, as well as homogeneous proteins, may be 
chromatographed as distinct peaks, and smce it is known 
that the hmtooes readily aggregate above pH ?. the delmea* 
tion of five peaks on the diagram does not necessarily imply 
the presence of five distinguishable proteins. 

Reetnery of the proteins from the adsorbent. In pcelifflinaiy 
experiments (Davison & Shooter, 1956) the proportion of the 
protein recovered from the columns was detennined by the 
colour given with unhydrin, by the protein applied to the 
column and that in the total column effluent. Kecovenes 
calculated in this way for duplicate chromatograms were 
frequently found to differ widely. The cause of this behaviour 
was not determined, but from subaequent observations it Is 
possible that varying amounts of degradation occurred in 
the solutions as they stood on the fraction collector. An 
increase of amino end-groups would increase the ninhydrin 
colour. 

In subsequent expenmenta the protein recovery was 
calculated from the nitrogen content of the effluents. It was 
found that, contrary to our earlier report, the proportion of 
the protein eluted from the columns decreased as the pH 
was raised. It was also found that the recoveiy from the 
columns decreased as the temperature was raised, althoogb 
the elution diagrams were not qualitatively changed 
between 0® and 60®. The effect of temperature and pH on 
nitrogen recovery is shown in Table 1. 

Isolation of proteins from column effluents. The concentra- 
tion of the proteins in the column effluents was often very 
low. Dialysis of the pooled fractions, followed by freese- 
dryjng, was inefficient, and not more than 70% of the 
applied protem was ever recovered in this way. Frceipita- 
tion of the proteins by phosphomolybdic acid or perflnofo- 
octanoic acid was effective, but there remained the difficulty 
of removing the precipitants. The most efficient method of 
recovery was to adjust the solutions to pH 10 and to add 
3 Tot. of acetone. After standing for 24 hr. at 0* appro*. 
80% of the histones could be precipitated from solutions 



Fig. 2. E!otiondisgrsDMoIcalf-thyai^^tou“^^||^^ 
fractive index. 


Table 1. Percentoye of appl^vl protein nitrogrti 
recovered *n column effluents 
Each value itportcd is the result of a separate eip< 


At pH 8-1 


Temp 


Recovery 

(%) 

(I) 84 
(u) 87 
W76 
(If) 73 
(5)64 


pH 

4-1 


Recovery 

(%) 

(1) 94 

(I) 90 

(II) 92 
(u)87 
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Crampton, Moore & Stein (1955) made a partial 
separation of the histones of calf thymus and other 
tissues by chromatography on IEC-50 resin. With 
a progressively increasing concentration of Ba*<- or 
Ca**" ions they were able to elute three proteins, 
richer in lysme than in arginine, which together 
comprised about 40% of the histones applied to the 
col umns . They found that the corresponding 
proteins from different calf tissues had very similar 
amino acid compositions. Cruft, Mauritzen A 
Stedman (1954) have identified three electrophoretic 
components in the histones of ox thymus and liver, 
and they found that the major or ^ohistones from 
these two tissues dififer in electrophoretic mobility. 
Tha^ they regard as an indication of the tissue 
specificity of the histones. These ^'histones readily 
aggregate, and Davison A Shooter (1956) have 
shown that the aggregating histones are those rich 
m arginine. Thus the evidence from electrophoresis 
d^ not conflict with the results of Crampton et at., 
which SMmed to domonstrato no cell specificity in 
histones. However, the electro- 
phoTotio evidence cannot be accepted as conclusive 
since any small amount of non-histone contaminants 
l^ely combined with these basic proteins might 
change the electrophoretic mobility. To test this 
tjuwlion of tlRsue specificity by the analysis of 
umcrent fractions it is necessary to find a chromato- 
graphic system capable of separating the arginine- 
nch 08 well aa the lysine-rich histones. The experi- 
ments to be reported hero have shown that the 
hist^w wn bo completely eluted from carboxy- 
methylcelluloso, although they ore not well 
sepamted. A preliminary report on this chromato- 
^phic system has boon published (Dsvaon A 
ohooter, 1056). 


EXPERIMENTAL 

rrepared m th. 
Potcrwri A SoU-r (1056) The dn« 
, ,, ^ *** ditjwrwd in the •ppronrute Inifle) 

r*prit.tlrnngsnd theiluny VrlT^en poam 
colomnt A thin r.jrr of sekf.wwhe. 

I'td.) heipe,! to prtrent th^ 
*wn,>Tilclo p.,nfi the tmUrr.! f-Wm p!*te ,t the »K>ttom o 

WoloRy IVpertmenl. 3!Murha«etb 
l«Uvul* of T^tmoloKy. Cambridge, V£Ji. 


the columns. The carboxymethylcellulose was allowed to 
settleundergtftTitytogiveacolumnlO-lScro high Tubes 
with an internal diam. of 1 cm. were used for qualitative 
studies. With 5-10 mg. of protein. Fifty to 100 2 ml. 
fractions Were sufficient to delineate the effiuent diagrams. 
For preparative studies a 1'4 cm. diam. column was used, 
with a loading of up to 120 mg. of protein. Larger columns 
were used for some experiments but, unless the adsorbent 
was initially suspended in butanol, even packing was 
difficult to achieve. The Imeanty of the front was cheeked by 
passing a small volume of potassium chromate through the 
column 

The flow rates were reduced to 4-8 ml /cm * cross-section, 
by fixing drawn-out capillary tips to the columns. 

Froteins. The histones used in the exploratory studies 
were those from calf thymus, prepack as previously 
described (Davisoo, James, Shooter A Butler, 1954). In 
later experimeats some histones extracted from mouse-cell 
nuclei by acid were chromatographed. The cell nuclei were 
isolated &om various mouse tissues in dilute acid (Davison, 
1957). 

Gniuru dtvitta. The proteins were eluted from the 
adsorbent by buffered solutions of progressively increasing 
iomc strength. The proteins were applied to the columns in 



4*ig I. (■raiiient d«'rice to proriJe oootinuotuly changing 
vIutiflgaoIution.Tbc more coorrntratvd. denwraoIuUon U 
placed in the left-hand ftx^rroir. 
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suggested this protein was rich in dtcatboxylic 
acids, and this was eonSrmed by an analysis of one 
sample by the Levy (1954) method (see Table 2). 
This acid protein comprised less than 3% of the 
total histone. 

It was noticed some years ago in these laboratories 

that a few th}'mua.hi3tone preparations, on electro- 
phoresis at pH 4'6, showed a very small component 
migrating behind the histone boundartea. It is 
possible that this was the acid protein. 

The second fraction separated at pH 4-2 gave 
a high colour yield with nmhydrin, but bad a low 
absorption at 2780a; it consisted solely of the 
lysine-rich histone (Davison & Butler, 1934 ; 
Cranjpton «t al. 1955). It comprised 1 1-13% of the 
various histone preparations analysed. 

The third and major peak comprised 80% of the 
total histone and contained more then oneapecica of 
protein Samples were recovered from different 
portions of the third peak and analysed for basic 
ammo acids by the method of Moore & Stein (ld5C, 
private communication). The molar ratio of 
lysmeiarginine diminished from approx. 1*5 to less 
than 1 -0, from the leading edge to the trailing c<lgo 
of the peak. Some results of analyses are sum- 
marized in Table 3. 

From columns buffered between pH 5 and 6 5a 
further component could be isolated. This emergM 
with the 6f8t application of the gradient, ahead of 


Table 3. Composition of fractions from the 
major peak from calf-thymtis histone 


The analysis is expreased &s moUr ratios relatirc to 


lysine. 


Lysine 

Arginine 

Histidine 


Original 
histone 
1-0 
054 
0 20 


10 
0 66 
018 


l-O 
083 
0 21 


Final 

fifth 



Fraction no. 


Fig. 5. Elution diagram of histone extract from wonse 
I.and9ch0tx anoites-tumour cells cbromatogra{^ed at 
pH 6 5. The broken line indicates the refractiro index of 
the eluting solution. 


the lysine-rich component. If the eluting gradienl 
were applied to the column immediately aftw the 
protein, this intermediate peak could not be 


lo«'er pH in the two main peaks. 

Above pH 6' 5 more intermediate peaks appeared 
and the two main peaks decreased in size; this 
behaviour probably reflected further aggregate 
formation. 

Hiatonea extracted from a variety of calf and 
mouse tissues were examined qualitatively on the 
carboxymethylcelluloae columns at pH 6-5 (see 
also Davison, 1957). One preparation from mouse 
kidneys and one from mouse livers gave elution 
diagrorm essentially similar to those from calf- 
thymus histones (Fig. 4). In most dtagrams, how- 
ever, five peaks could he detected in proportioos 
which varied from one preparation to another 
(Fig. 5). It is probable that this added complexity 
arose from non-hiatone proteins in the extracts, The 
presence of such contaromants in some prepara- 
tions was confirmed by electrophoresis at pH 2*2! 
at this pH the different proteins do not appsat t® 
aggregate, and a email peek could be detected 
trailing tbo sharp histone boundary. 

The two peaks which were eluted last from tbwe 
pH 6 6 columns appeared in everj' diagram aUhe 
wime poaition and were presumed to correspooo^ 
the two major components resolved at pH 
presence of two or more peaks preceding the» was 
taken to indicate contaminants. Thus the colur^ 
at pH a 5 were mainly of value in asseasi^ ® 
purity of the histone preparations. For an 
fractionation the adsorbent waa buffered at a 
pH, ivhere the protein interactions were mimmir - 
It was found possible to operate these colun^ 
pH S-I, but the proteins were then eluted at low 


salt concentrations. , 

Chromatography on IRC-SO. The h>ftone*elut^ 
diagrams at pH 4-2 were very sum'ar 
obtained from IRC-60 (Crampton el a! " , 

each of the main components from 
methylcelluloie column was isolated an , 
matographed on IRC-50 with barium 
similarity -1«S conatmed; the tet. 
histone emerging m the “/(i^ pOTiiioo 

hntone A, and the eecond component in lM P 

ef histone B. The pmportioo of the ^ j. 
via. eluted from IKO-60 WM not deternmi 


DISOOSSION 

Pho ehroraatographio systern 

wveral advantages over that dovJsed I . 

t al. (1955), notably in the higher reco 
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amino acids m the hbtone fractions separated bj chromato- 
graphy. Lysine, histidine, ammonia and argmine were 


concentration was determined by the modihed ntnbydnn 
reagent of Moore & Stein (1954). The 2-methoTycthanol 
(methyl Cellosolre) in this reagent waa purified before use by 
passing it through a layer of Zeo-Karb 225 and a column of 
activated alumina 

Protein hydrolysis. For the ammo acid analysis tlie 
proteins were hydrolysed in sealed tubes with 6 n-HCI at 
!10»for24 hr. 

RESULTS 

Qualitative examination of histones. For quali- 
tative examination of the histone preparations the 
carboxjTnethylcellulose columns were buflered at 
pH 6-5. Typical elution diagrams are ehovi'n m 
Figs. 3 and 4. These diagrams show more distin- 
guishing features than those at lo«er pH. 

For preparative chromatography the columns 
wore buffered at pH 4-2 with sodium acetate and 
acetic acid- At this pH the large-molecular-weight 
histone aggregates begin to dissociate (Davison et at. 
19S4) and this is obviously a prerequisite if the 
component proteins are to be efficiently separated. 

Degradation in the htsione fractions. Crompton 
(1958) reported that occasionally, when a histone 
fraction separated by chromatography was re- 
chromatographed, It gave rise to a fast-running 
component in addition to a peak moving in the 
Original position- Similar behaviour was observed 
with fractions from carboxymethylcellulose. The 
fast-running fraction gave a much higher ninhydrm 
colour/rog. of nitrogen than the parent material. It 
w-as also found that the fast material could be 
oluted from IRC-60 resin columns with Na* ions, 
whereas the histones can only be eluted with 
bivalent 10 ns Theseobservations suggested that the 
histones were being degraded either on the column 
or during their subsequent handlmg. Butler, 
Davison, James «t Shooter (1054) have shoivn that 
histones are rather easily degraded at neutral pH. 
Whether the degradation is the result of proteolysis 
or the dissociation of complex proteins is not known. 
As a precaution against proteolysis the buffer solu- 
tions were saturated with p-chloromorcuribenzoic 
acid and the chromatogranw were run at 4“ 
Carboxymethylcellulose buffered at pH 4-2 separ- 
ated calf-thymua histones into three components 
(Fig. 2a, b) The first peak passed directly through 
the column without the application of the gradient; 
Since in many cases nothing could be precipitateil 
from this effiuent fraction it is probable that much 
of It is comprised of degraded protein. In two pre- 
parations, howo%'cr, a precipitate was obtained 
Qualitative ammo acid paper chromatography 



Fig 3 Elution diagram of calf-thymus histones ehromato- 


brofcen line indicates the refraet/re index ol tks eiutmg 
solution. 



Fraction no 

F, . r- .* - J- 


of the eluting solution. 


Table 2. Composition of leading fraction from calf- 
tlitfinus histone chromatographed at pH 4-2 on 
carboxymethylcellulose 

The analysis u expressed in tnolsr r&tlos (no. of amiao 
acid residues/lOO residues) 

Arginine 2-1 

Alatnne 8-8 

Aspartic acid 19-7 

Glutamic acid 32-7 

Glycine 8 4 

Histidine 1-4 

leucine 1 -n 

Isoleucine ) 

Lysine 8 5 

Pioline 0-0 

Serine 3 4 

Threonine 3 5 

Valine 0 C 
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Nitrogen muatnrda have Loen u^ed cliniefllly with 
some success in the trofttment of malignant Ij.'mph* 
adenopathies and the chronic leukaemias {aco, 
for instance, Gallon, laraols, Nabarro & Till, 1056), 
and they are also effectivo in inhibiting the growth 
of soma solid tumours m cxporimontal animals. 
Their biochemical mode of action remains ob*'curo, 
although many studios in vitro have shoivn that 
they roadily enter into chemical combination with 
nucleic acids ond proteins under very mild condi* 
tions (reviews by Aloxonder, 1054 and Rosa, 1052; 
also Cohn & Crathom, unpublished tvork). Uforo 
recently, Cohn (unpublished work) has found that 
p • di • (3 • chloroothyljomino . dl • phenylalanine bo* 
comes firmly bound to theproto/ns ofliver and other 
tissues when the compound is injected interpert* 
toneally into rats. 

Tlio present investigation reprceeiita an attempt 
tu determine the extent to which the nitrogen 
mustards oxoft their effects on the <lircet incori>ora. 
tion of amino acids into proteins. A bacterial 
system was selected because of its simplicity. The 
use of Staphylocacciia aureus offered a furtlicr 
advantage: only m this organism havo two modes of 
amino acid asaimilatton been dcmonstrate<), one 
associated with net protein synthesis and the other 
with on 'exchange' reaction between free omino 
acids and the ammo ocid residues wifjiin the pre- 
formed protein molrculcs (Gale & Folkes, I053o). 

METHODS 

Organism. The organism mod throughout thii «ork was 
Stapkyloeoceus aureus ttmin Duncan {Gala & Folhos, 1053 W, 
which was kindly siipplieii hy Dr K. WcQuiHcn. It was 
maintained hy frequent sul’oulturo on solid peplono-agar 
slopes. Larger hatches for experimental purposes were 



PreparaiMn of suspensions and conditions for #rudy of 
uptale of ‘relabelled ammo acids The bacteria were 
liarvcsted after overnight growth and washed with water. 
.Sin|>pnsion lionsitics were determined from the absorption 
at 4i0 inp on a Umcam epectropbotometer (M«lcl SP. 600) 


previously calibrated against the oiganism used Thick 
suspensions of the organism (SOmg.d^wt /ml) were then 
prepared Ifl 005'r-phosphate buffer (prepared from 
KHjPOj, brought to pll 7 with NaOIl) containing 1% 
(w/v) glucose, and 6 ml. samples were pipetted into each 
Raslc; thonltrogcn mustardstobestudfed were added to tie 
individual flasks at this stage. After aerobic incubation, 
while shaking at 37* forO 5 hr , the “C-la belled amino acid 
was added, and the incubation continued for a further 
period of 00 min. In this way the labelled ammo acid w»» 
taken up under exchonge conditions In expenraenta where 
at) investigation was made of the efffcta ofrutrogenmwtsrds 
on uptake under coadillons of net protein systbeiis tbs 
bacteria were collected and Irsnsferred to an inorgsw® 
salta-glucoso medium containing a complete mixtors of 
amino aei^ The labelled amino acid was then odd«*na 
• - • *’ J rt* />rni.rfflientsearriM Ml 


37* for 1 hr. The nucleic acids were then remuuu uj ^ 
treatments at 95* with 5% (w/v) trlchloroaeelw acid. 
proteins were finally washed twice with acetone and dfiw 

*^To*<«ty tesU. The incubations of buffered »"*; 

pensions with nitrogen mustards aere earned out at a? 
periods similar to those used m the «»”'‘{'i‘'‘°”tf«e« 
Intake of amino acids by the cells. eel counUaem 

then mado on peptnnn^gar pbt*s after semi dil J on^ 
tbo bacterial suspensions with sterUs 
bad reduced the viable counts to the 
plate itt control suspensions untreated with P 

radioaetiiitif. These *-ero 

. *. G.E C , London. 

. . lOC counting unit 

■ Ted Mitcham* 

nanufactured by Tanax cUtle roanu- 

5nmy. Thu counter was housed in a lead 
acturrd by E R D. Ltd., Slough, actinty 


chemical Centre. Amemham. 7 , t „ p. v.C.E* 

alan.no was synthesized in these Jaboratories by Dr 

Hamop. 
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Nitrogen muatardi have been nacd clinically with 
aomo sucecsT in tho treatment of malignant /yniph- 
adenopathies and the chronic leukaemias (sco, 
for instance. Gallon, Israels, Nabarro tc Till, 1056), 
and they are also olTectivo in inliibiting the growth 
of some solid tumours in experimental animals. 
Thoir biochemical mode of action remains ob«eitro, 
although many studies tn vitro have shown that 
they readily enter into ehemreal combination with 
nucleic acids and proteins under vorj* mild condi* 
tiona (reviews by Alexander. 1054 and Ross, 1952; 
also Cohn 4 Crathom. unpublished work). More 
recently, Cohn (unpublished work) has found that 
}).di‘(2-chloroethyl)ammo-Di, •phenylalanine bo* 
Comes firmly bound to the proteins of liver and other 
tissues when the compound ts injcctcel mterpen* 
tonenlly into rats. 

The present investigation represents on attempt 
to dotoimlno the extent to which the nitrogen 
mustards exert their effects on the direct incorporo* 
tion of ammo acids into proteins. A bacterial 
system was selected because of its simplicity. The 
use of Staphylococcus aureus o/Tered a further 
advantage . only in this organism havo two modes of 
ammo acid assimilotion been demonstrated, one 
associated with net protein synthesis and the other 
with on ‘exchange’ reaction between free amino 
acids and the ammo acid residues within tho pro> 
formed protein molecules (Calo A Folkes, I053o). 

METHODS 

Organism. Tho organiam used throughout this work wu 
tilaphylacoceus aureus atmm Duncan (Gale & Folkes, I953&), 
which WM kindly supplied by Dr K. McQuillcn. It was 
maintained by frequent subculture on solid peptono-agar 
slopes Larger batches for expcnmental purposes wero 
obtained by growing the organism on a liquid medium of the 
following composition (%); glucose, Ij Slsrmite, OS; 
peptone, 1; NII4CI, 0 2, NojHPO,, OC; KHiTO^, 0 3; 
NaCl. 0 3, Na^O,, ion, 0,0 023, MgCI,,GH,0, 000S5 (all 
w/v) At 37° on this medium the yield of cells was approx 
1 mg. dry wt /ml when grown for 16 hr in Roux bottles 

Preparniion of svspinsions and eondtlions for iluiy of 
uptake of UQ.Uiidlfi ammo aeids. The biicteria were 
harveitcil after overnight growth and washed with water 
Suspension densities were determined from tho absorption 
at 420 rap on a Unicam spectrophotometer (Model SP. 600) 


fwcvmusly calibrated agaimt the organism used Thid 
auspoanon* of the organism (SO mg Ay wb/mJ) were then 
prepareil in 0 05M-phosphate btiifer (prepared froni 
KllfPO,, brought to pH 7 with XaOH) eontaming 1% 
(w/r) glucose, ami 6 ml. samples were pipetted into each 
0s«k; the nitrogen mustards to be s tadied uere added to lie 
individual flasks at this stage. After aerobic ineuhation, 
while shaking at 37* for 0-5 hr., the *‘C-Ia helled smino scld 
was added, and the incubation continued for a further 
period of 00 min. In this way the labelled amlao and «« 
taken up under exchange conditions. In fxperinienti where 
an investigation was made of the effects of mtrogeu mnsUrd* 
on uptake under conditions of net protein lyntbesa ths 
bacteria were collected and transferred <0 an merpatf 
saUa-gloceso medium containing a complete outiOT cf 
amioo acids. The labelled anuno acid was then sdomsDd 
the incubation continued a.s tn the eiperioents cstried out 


37° for I hr. The nueleic acids were then removeu uj ^ 
treatmente at 95° with 5% (*/v) trichloroscetie acli W 
proteins were finally washed twice with ocelone sort 

^Toztaly tests. The incubations of buffei^ 

pensions with nitrogen mustards were carried on a ‘ 

ponods «m.Iaf to those used ,n the ' 

uptake of anuno acids by the cells. \ wble «l to 

„„ »,eninn,wacrar elites after serial « 


i« III coiuriu '■ 

.f Tb~' vm J 

initely thick’ wmplM of windc 

.•thco. J„k. (i-orjik-w. .» 

,ot-Maller coontog lota coil 

,g ™cd .n oonioocM •ilh r'fl” 

rcy. The counter was hoa«ed m TTnder the** 

urrJ by E.R.D Ltd, Slough, “'j' ^cactmty 

litions a “C-labelled protein about 

^Jg would glia an 

counts/min. when plated at 30 mg /cro- ( 
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BetAtls of the syntheees of the nitrogen mustards used are 
to be found m the recent literature (Everett, Roberts & 
Ross, 1953; Bergel & Stock, 1954; Davis, Roberts & Ross, 
1955; Bergel, Everett, Roberts & Ross, 19555). 

TuTnour-inhibilton (Personal communication from 
Professor A. Haddow.) Tumour-growth-inhibitinn testa by 
nitrogen mustards were carried out on the transplanted 
Walker rat carcinoma [Badger, Elaon, Haddow, Hewettfc 
Robinson, 1942; Haddow, Harris, Kon A Roe, 1948) Jfoat 
of the results quoted here have lieen brieflj’ reported else- 
where (Everett ft al. 1953; Davis <1 al. lO.'iS; Bergel tt al 
19556). 

RESULTS 

The initial experiments were carried out with three 
aliphatic nitrogen mustards: dimethyl-(2-chloro- 
ethyljamine (Ml), methyldi-(2-chloroethyl)atnine 
{M2) and tri-(2-chloroethyl)amine (M3), (see 
Table 1). M2 is widely used m the treatment of 
leukaemia and allied diseases, it being often pre- 
ferred to M3, which is rather more active but also 
more toxic than M2 (Galton, private communica- 
tion) It was found {Table 1) that the inhibition of 
the amino acid-exchange reaction m our syatem 
paralleled the therapeutic efficiency of the com- 
pounds, the inhibition of incorporation being greater 
than would be explained by the reduction in 
viability of the organism. In a further experiment. 
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the uptake of amino acids by the M3-poisoned 
system was studied under conditions, where amino 
acid exchange could be compared with the uptake 
of amino acids under conditions otherwise favour- 
able for net protein synthesis. The inhibitions of 
amino acid uptake were the same m the two cases, 
contrary to a statement made in an initial report of 
this work (Cmthom & Hunter, 1956). It therefore 
appears that with these substances the inhibition of 
the exchange reaction runs parallel with the in- 
hibition of overall protein synthesis. 

In experiments with other nitrogen mustards, 
‘exchange* conditions were nomially used, as it was 
possible to simplify the procedures by using thick 
suspensions of bacteria in relatively small volumes 
of bufiered solutions. 

The series of aromatic mtrogen mustards bearing 
aliphatic acid side chains was next Studied, as in 
this series there is an interesting variation in the 
activities of different compounds on the Walker rat 
carcinoma; this series also contains one of the com- 
pounds (M’S) that haa been used therapeutically. 
Here a very close correspondence between the 
activities on the Walker tumour and the amino acid* 
exchange system was obtained (Table 2). Un- 
fortunately. a supply of the other inactive member 
with normal alipatic side chains, namely p.di.(2- 


Table 1.^ Oomparnon of the tffeclivenete of aliphatic nitrogen muetarda tn cancer chemotherapy wth their 
ability to reduce ifie extent of the amino aetd uptake m Staphylococcus aureus and the\r toxicily touarda 
thie or^oiiMm 

concentrations of 6-4 mw. DL^3-“C]PbenyliUsnjne (specific activity 12pC/mg.) 
WM added to give a final concentration of 0 32^c/ml. Under the conditions described in the text, the control cultures 
incorporated “C to the extent of approx. I jic/g of protein. 


Reference 
used in 
text. 
MI 
M2 
M3 


Chemical formula of the 
nitrogen mustards 
(CH,)^*CH,*CUta 
lLC'-V{CHt*CH»Cl), 
N(cn,*cH,a), 


Effectivenees 
in Cancer 
chemotherapy 


Inhibition of 
the exchange 
reaction with 
phenylalanine 
(%) 

0 

75 


Reduction in 
viability of 
the organiatn 
under similar 
conditions 
(%) 

0 


Table 2. Compariwn of the inhibitory effect of ocirfic aromatic niVro^en muatarda on the U’o/iter rat carcinoma 
vilh thetr ability to reduce the extent ofamtno acid uptake tn Staphylococcus aurous 

^ilrogen mtUrd* were added to give a final conecnlrstion of 3 3 iuk DM3-*‘C]PhenyUlanine (specific activity I2#,f/ 
» WM u*M in a final concentration of 0 32/ic/ml. Under the condition* dcecnbed in the text, the control culture* 
torporaUd “C to the extent of approx 1 /ic/g. of protein. 


Reference R, m chemical formula Aaseftament of 

u*c<i in of the nitrogen mustanl inhibition of 

text (Cl*CH|*CH,)^’.p C^lIi'R Walker carcinoma 

M4 •CH,‘CO,H + + 

M5 •rai.k-CO.H + + a 

M6 riCIU-CO,!! 

M7 •0‘fCU,k‘C0,JI + 

MB ■o-lcn,k*co,H 

• itesulu of test* wF|.c vanalJr. Oreaaionallr fnundi 4 .. 


Inhibition of 
the exchange 
reaction snih 
phen> lalanine 
(%) 
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mustards with free amino acid in the me<linm. 
Calculations based on the results of chemical 
experiments {Fruton, Stein & Bergmarm, 1946) 
on the reaction of M2 with phenylalanine showed 
that under the experimental conditions deai;ribe<l 
above not more than 0-2 % of the amino acid 
could have reacted chemically with the nitrogen 
mustard, even if direct contact between the two 
substances had been maintained throughout the 
period of incubation. Further evidence supporting 
the view that this effect is negligible is mherent 
in the results (Table 2) obtained with homolOguee 
in the series of aromatic nitrogen mustards having 
ahphatic acid side chains. Their chemical re- 
activities, measured in terms of carbonium ion 
formation, are very similar, but their biological 
effects measured in the staphylococcal system 
show great variation. 

The interpretation of these results on a chemical 
basis must therefore take into account tho inter- 
action of the nitrogen mustards with the various 
cellular constituents. There is from these experi- 
ments no evidence that the nitrogen mustards 
actually penetrate the boundaries of tho cell. It is 
clear that such a penetration would be followed by 
some reaction between the inhibitor and the cellular 
protein and nucleic acid, but the fact that the toxic 
effects of the nitrogen mustards are not marked 
within the short experimental period shows that the 
extent of the reaction cannot be sufficient to effect 
any important changes in the overall metabolism of 
the cells. However, the possibility of a specific 
reaction of the nitrogen mustards with a site of 
special importance in protein synthesis cannot be 
ruled out. If such a site were situated in the cell wall 
or cytoplasmic membrane, then the transport of 
amino acids into the cell could clearly be hmdered ; 
and the active transport of amino acids across cell 
walls and membranes must surely be envisaged os 
a part of the chain of events leading from ammo 
acids to protein. To eupport this view, the recent 
work of Cowie & Walton (1966) on ammo acid 
assimilation by Tondopsu uttlia has sho^m that, m 
this micro-organism at least, absorbed ammo acids 
do not exist in the free state at all but enter at once 
mto a metabolic pool where they are associated with 
sites intimately concerned with protem synthesis. 
Cortamly our results would not preclude an action of 
the mtrogen mustards on this first stage alone. There 
13 a further possible explanation of our observa- 
tions: the amino acids in the metabolic pool may 
exist in local concentrations that are sufficiently 
high for chemical reaction with tho inhibitor 
molecules to proceed at rates much greater than 
those pertaining to the extracellular concentra- 
tions. If theee rates were high enough to prevent 
the incorporation of a considerable proportion 
of the ammo acid into protem, the differential 


actitdties of nitrogen mustards containing chloro- 
groups of similar chemical reactivities could be 
ascribed to different extents of penetration into 
the cell. 

It is impossible to say whether the results ob- 
tained in this bacterial system can be correlated with 
results of metabolic studies on higher organisms. If 
the processes of protein synthesis follow similar 
pathways in all living cells then our results suggest 
that, in general, the primarj' inhibitory action of 
nitrogen mustards is to produce a block at some 
stage in tho process of protein synthesis. On the 
assumption that there are certain similonties in the 
processes of protein synthesis in all organisms, the 
correlation between the results of tests on the 
bacterial sj^tem and of the same compounds on the 
Walker rat carcinoma are presented. An additional 
negative correlation might be mentioned at this 
point. The compound l:4-dimesyloxybutane (Myl- 
eran) active against chronic myelogenous leukaemia 
is completelj’ inactive in the bacterial system; nor 
does it react with amino acids or nucleic acids. 
Clinical observations, however, suggest that the 
mode of action is different from that of the nitrogen 
mustards. 

It will be noticed (Table 4) that there are some 
apparent exceptions to the correlation. In particular 
It may be significant that the two quaternary com- 
poxinds (M18 and M19) which showed relatively 
strong activity m the bacterial system are both very 
water-soluble. In one case at least the inactivity 
against the Walker caremoma was surprising and 
could probably be explained by rapid excretion of 
the compound Very little inhibition of amino acid 
uptake was found when M13 was examined 
(Table 4), but it has not been tested against the 
Walker rat carcinoma except under conditions 
where other toxic side effects are manifest. Thus the 
positive reaction that we assign to it must remamm 
some doubt. 

Finally it should be mentioned that alterations 
appearmg in the blood picture in the course of 
treatment of animals with the aromatic nitrogen 
mustards with aliphatic acid side chains havo 
recently been described (Elson, 1955). The correla- 
tions with our results and with the inhibitions of the 
Walker rat carcinoma are again close. 

SUMMARY 

I. An mvestigation has been made of tho 
effects produced by several aliphatic and aromatic 
nitrogen mustards on the mcorporation of **C- 
labelled ammo acids into protein by Staphylococcus 
aurtus 

2 Different nitrogen mustards inhibited this 
ammo acid incorporation to different extents. 
Where there was a pronounced mhibition, it could 
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published as part of a wider study of histones (Lack 
ei al. 1956). However, the results obtained hero aro 
not in good agreement with those reported. 

MATERIALS AND METHODS 


The ether-solDblo materials, after mbUmatioa of ejeeu 
of dinitrophenol plills, 1952), were transferred in three Jots 
of acetone to a two-dimenrional chromatogram on no. 7 
UTistman filter paper bufi’ered with 0 OSw-phthalate buffer 
(pll 6). ThU was then run in the dark for 3(M0 hr. with 
ff-methylbntan-S-ol saturated with the pbtbaUte buffer 


Preparation of hUiones. The mixed butones were pre- 
pared from previously isolated nucleoprotein from freab 
frozen calf.thymiia glands by the method of Davison, 
James, Shooter & Butler (1954). The series of preparations 
used were labelled H 1 , H 1 6, 1117 and H 1 8. Some fractions 
of the histones were also examined. Thus the sodium 
chloride-ammonia treatment of the histones 71)8 by the 
method of Davison & Shooter (195G) gave a histone pre- 
cipitate (HISA) and aolohle histones in the supernatant 
(HISB). The dtrie acid extraction of wbofe-lhymus 
nucleoprotein (Davison & Butler, 1054) yielded a small 
amount of histone (labelled 717), which was then separated 
into two fractions, H7/1 and H7/2, by column chromato- 
graphy on carboxymethyleellulose by the method of 
Davison & Shooter (1056) In addition the whole of the 
proteins extracted by acid from thymns glands have been 
examined. For this purpose, thymns gland (50 g.) was 
blended tn 0 25ir-IfD at room temperature, and the tos- 
peosioa centrifuged to remove large Insolnble debris. The 
supernatant suspension was then dislysed until free of Cl“ 
tons and centrifuged in a Model L Spmeo uhracentrifage at 
SdOOOg (av.) for 1 hr. The clear supernatant was then 
freeze-dned (yield S-0 g.) and examio^ for its i/-temioal 
groups (preparation R Id). 

Rtadian triiA l-/((oro.2 (-diniiroieiuene, A variety of 
conditions of coupling with l-flQoro.3.4.dxnitrobeoxeDe 
(FD^B) have been tried, including an etbanol-biearboDate 
medium (Sanger, 1^5). In gene^ higher yields of total 
end groups were obtained in a guauiduie bydroehlorfde- 
potaasium bicarbonate medium, the purpose of which was 
to break up aggregates A typical preparation ts ^ven 
below. The histone hydrochloride was dissolved io6m- 
guanidine hydrochloride to give a concentration of 10- 
20 mg./ml. Solid KHCO, was added to a concentration of 
10-16 mg /ml., and FDNB to 0-05-0-1 ml./ni]. The mixture 
was shaken at about 20* for 0-24 hr. It was then acidified, 
diluted with 3 voL of water and extracted once with ether, 
the layers being separated by centrifuging. The yeUow pre- 
cipitate was washed repeatedly with w-HCI and centrifuged 
(this did cot clarify the supernatant if Odir-BG or water 
was used). Final traces of reagent and dinitrophenol were 
removed by three acetone washes and an ether wash. 

The weight of dinitrophenylbistones (DNP-histooes) 
obtsmed was 110-120 % of the weight of histones taken. The 
DKP-histones were then hydrolywxi, generally for 4 6 hr., 
in ll-ls-HCl at 100® (Porter & Sanger, 1949), since DNP- 
proline was found to be an end group. The completeness of 
liberation of the more stable derivatives, anch as DNP- 
valine, was checked by hydrolyses m 6 k-HCI at 1 10® or 120®. 
Hydrolyses were done m sealed tubes, with 1-5 ml. of aciii^ 
20 mg. of DNP'histones, this being a convenient weight for 
one complete analysis. The hydrolysates were diluted with 
water and extracted four times with ether in glass-stoppered 
test tubes. Each ether extract was washed with O-lJs-HCJ 
to remove any entrained arid-soluble materials such as 
e-DJJP-Iysme. The ether used in this work was freed from 
peroxide by passing through a column of activated alumina 
(Dasler & Bauer, 1946). 


m the dark and the spots efutod in water snd mesiored u 
described by Levy (1954) and Fracnkel-Conrat, Harna k 
Levy (1955). Anequallysatufactorysoirestwasbutan 2-oI 
saturated with the phthslatc buffer, nhicb required only 
15-20 hr. to run. The phosphate was used as al»vtfonirc 
second run (see Fig I). These alcoboLc solvents were fonod 
to be more convenient than the 'tolaeae-ammorua'soirest 
advocated by FraenkeLConrate/a/ (1955), because no time 
was necessary for equilibrstion and bettuse the solrent did 
not deteriorate. The 'toloeno-ammonia’ solvent wm also 
undesirable in a laboratory where ninhydrin-smino acid 
determinations were being earned ont. 

The corrections necessary for the qnsntitsbve measure- 
ment of the lY-tenainal groups have been estimated by 
(a) serial measuiement of each end group in samples girm 
different periods of hydrolysis and (S) recovery eiperiments 
on the free DNP-amino acids hydrolysed in tie presmee of 


Ditunce (cm ) travelled In lelvent 1 in Uhr 
e sn n M 2S 30 ii 



qg.l. Chrom.tograpbyofDNP-aaiMa'^“dFP^;; 
tn TVhatroan no. 7 paT«r buffered 
(pH 6). 0 Is the starting pomt and both 
iSed descending ths paper. Solrent 

with excess of O-05«-phthaUteb^er (p )/ ^ 

used. Solvent 2. l-SK-sodinm phosphate b^MP^ 
Symbols for the DHP-ammo acids, 
a^. Ala, idanine. Qy*. cyrime 
dinitroanilme. DNF. 2 «-druitropUenri (sTK.t « j 

by ucid vapour). Glu, glutamic acd- 

Slidmc (his). Leu. Ie«cme and /^p{ j. 

(to) H^pro. 

cbloro-u-Dl^P-auimOTaknc a^ •L'fOvnro Pro. PG 
aminovaleric acid. P”’ -^ pifl’s-chloro- 

„d(moreslawly>B«,aUdarUnmLgh^^ 
a.DNP.ammovaltrylg ycme 

hero). P*G. probably /,.nNT-lyeme 

glycine. Phe. phenylalatime. Vil, 

also runs here). Thr. threonine^ ^^ht^lsle huffee ** 

solvent 1, the diatobution of arid aod 

smiflar. though the gap between the glutanno 
serine is reduced. 
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It IS well established that the histones of cftlf- 
tbymus nucleoprotein consist of a mixture of 
proteins, and partial fractionations of them have 
been achieved (eg. Stedman <fc Stedman, 1951; 
Davison & Ihitler, 1954; Daly & Mirsky, 1955; 
Crainpton. Moore Stem, 1055). As a continuation 
of the work in this Laboratory, the study of the 


AT.terminal groups of the mired £si;<xe» siit' 

thjunus glands was undertake iy S.vcr'ziShL- 
troben2en®nicthod(San2*T,lM7,- Ir via isueesjs 
that the results wouH 
fractionaticsioftheh^ccf**. ffZiZif 

progrew a d is’c rtazhc cc azpir 
(HalQr, I955)acdtL»w:irrCTs=i5<5£is'.j=^^'^ 
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later preparations of histones such oa H 16and H 17, 
even with the guanidine medium, the Bcrine end 
groups have been ns low ns and the l^'sino 
values do-wn to I % of the total. 

An examination was also made of the fractions of 
the histones preparetl by {a) extraction of the 
original nueleoprotein with citric acid {Davison 8c 
Butler, 1054) and (6) precipitation of the histones 
by sodium ehlorido-ammonin (Davison A Shooter, 
1050). H7/1 and H7y2 are suhfmctions of the 
histones extracted bj’ citric acid, which were 
obtained by chromatography on carboxymelhyl- 
cellulose by the method of Davison A Shooter 
(1056). H18A and HJ8B are the sodium ehlor/do- 
ammonia precipitate and supernatant products 
respectively deri%-cd from Hi 8, a mixture of 
histone preparations II IG and H 17. llie resulta ar© 
given in Table 2, together with those obtaine<l from 
the proteins extracted from a thj'mus-gland brei by 
0'25>7>HC1 (sample HlO) Tills material includes 
much protein which is not histone. It can bo seen 
that these various fractions ga^'c reauha which 
differed markedly from the original liistotiea 
described above. 

Froctiona H 7/1 and H 7/2 account for most of tho 
histones extracted by citric acid (which ero only 


195S 

approximately 2% of the total histones in the 
nueleoprotein), and these fractions also account for 
most of the valine end groups found m the vhok 
iinfmctionatcd histones. In another preparatioci of 
tho citric acid-extracted histones, the proportions 
ofthoend SroupsiaBBif.KCl hydnl^te (12 hr.st 
110*) were: valine 39%. alanine 19%, lysine 15%, 
others 27 %. DN’P-proline and its products Prere 
completely destroyed under these conditions 
Three samples of DNP-histones (H!) have been 
hydroly’sed under more vigorous conditions w 
liberate any valine which might be present as DM*- 
valyl-peptides (such as the DXP-ralyl-e-DN’P- 
lysine reported by buck ei at. 1956/ ^ome vafme 
peptides are notoriously stable to acid hydroljsis 
(Synge, 1945; Porter A Sanger, 1048). However, 
hydrolysis in Bs-HCi at 108* for 8 hr., at 110* for 
48 hr. or at 120® for 24 hr., though increasing the 



vnfyl-^-DNT-Iysine was seen on any of these 
chromatograms, and only after very short hydro- 
lyses, o.g. 1 hr. at lOO® in lljr-HCl. did any spots 
other than those in the positions of the Icnowa 
PXp.amino acids appear. Stable peptides werealso 


Table 1. m^TerminolfJfoupiofunJmctionQttdhiiionta 
Tie proportions o/iV’-teraiinal groups ere expressed as per«nfsg« of (he tots) eadfroape fomd. 


In guuudine bydrocbleride- 
bicarbonsts mediso* 

_ > HI? 


Histone preparation 

iV-Terminal ammo add 
Prolmo 
Alanine 
Serine 
Lysine 
Others! 

Wt. ofbistonc /1 niolo of end groups 

• See hlethods section- , . m —1 

t Ethanol 0 65 ml /ml , potassium bicarbonate 9 mg /nU„ 0 03 . 

{ Leocine (or isoleocine). valine, aspartic and glotamio acids, glycine end tnreomne. 


HI 


2500 


H16 


29iXK) 


In ethanol-' 
bicarbonate 
mediuit:! 

HI 


48 

36 


9 

'9 000 


40 

29 

6 

D 

14 

28 000 


HI 8 /B 


Table?. t^-Termtnal groups of vanoushistont jracl^ona 
The proportions of tho iV-terminal groups are expressed as percentage* of tho total epd groups foutt 
with FPNB m the gnaiudino-bicarbonate medium. 

Histone fraction (for origin, see text) — Klfl ll7/2 Hl5M 

A'*Tenninal amino acid 

ft”'*” .? S 73 

I-ysine 96 

Uacme(s) » 5 Trace 

Vahne ^5 

Others ^ 

tl’t. of histone/1 mol® of end groups 62 000 14 000 - ^ 

* From samples hydrolysed in On-HCl for 22 hr. at lIO • 
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value but required correction for the manipulative losses 
and was subject to the uncertainty that the rate of de- 
struction of the DNP derivative in peptide form may have 
been different from the rate after its hberation. In (6), 
comparison of samples before and after hydrolysis indicated 
the manipulative losses in this method. These were 10-20%, 
depending on the derivative, but an average value of 20% 
loss has been adopted for all the derivatives encounter^ 
here. Much greater percentage losses occur where the 
amount of a given DJJP-amino acid being handled is below 
0 02^mole. 

The overall recoveries used in calculating the yields of 
end groups were : DNP-alanine 70%. bis-DNP-lyaine G9%, 
DNP-valine and DNP-leucines 76%, D>lT-aspartic and 


the recovery of small amounts of DNP-prohne and relatively 
large amounts of its two degradation products, S-chloro- 
«-DNP-ammO' and a-chloro-S-CNP-amino-valetie acid 
(Scanes & Tozer, 1956). Trial degradations of DNP-prolyl- 


prohae the maximum yields of S-cbloro-a-DNP-ammo. and 
a-chlorO'$-DNP-aminO'Talenc acid were obtained after 
075 and l-Shr. respectively in llw-HCl at 100', whereas 
with DNP.prolylglycine the times were 3 and 5'51ir. 
Kspeetlvely, peri^ much closet to those observed in the 
hydrolysis of DKp.histones, in which the maximum yields 
of 8-chloro-a-DNP-amino- and a-chloro.S-DNP-ammo- 
valene acid were reached after 2 6 and 6 hr. respectively. 

In 4'6 hr. hydrolysis the total recovery of DNP-prolino 
and 8-chloro.«-DNP-amino- and «-chloro-8*DNP-amino- 
valcnc acid from DNP-prolylglycine was 33%. and this 
value baa been adopted as the value to be used with the 
DNP.histones. It is of interest that in the degradation of 
DNP.prolylglycine np to 2 or 3 hr. duration, spots due to 
S-chloro-a-DNP-amino- and probably «.chloro-S-DNP- 
ammovalerylglycine appear on the chromatograms as well 
S3 those of l)NP-proline, 2 4.dimtropheno1 and unchanged 
DJfP.peptide The positions of these substances as well as 
most of the common CNF-amino acids on the chromato- 
grams are shown m Fig 1 

The amount of DNP-prolme itself on the chromatograms 
froni DNP.histones is so small that it is unnecessary in the 
calculation of the yield of A’-terminal prolmc to allow for 
the difference in molecular extinction coeRiaent between it 
and 8-chloro-«.DNP-amino. and a-chloro-S-DNP-amino- 
▼alerio acid. 

The acid-soluble part of the hydrolysate of DNP -lu«p tones 
waa evaporated to dryness and run on Whatman no. 1 paper 
in butanol-acetic acid-water (fi- 1 :4, by vol ) The t-ENP- 
formed a wide band which may also have contained 


•s bis-DNP.lyaine. No o-DNP-histiduio or DNP-arginine 
could be detected on chromatograms of the acid-soluble 
temainder and no bis-DNP-histidine appeared cither in the 
ether- or acid-soluble products. 
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The other part of the acid-eoluble material, running more 

,* ’ ’-’Colourless, 

I . ‘ ■ > . hand after 

. ' ow-running 

I... s'., ‘ 1 recoupled 

with FDNB. Thia was done to estimate (as bis-DNF-l 3 ^ine) 
the proportion of free lysine in the hydrolysates of the DNP- 
hiatonea, emce if the original reaction with histones was 
ineomptete free lysine would appear in the hydrolysate 
(assuming that lysine c-amino groups are not blocked by 
some atenc effect or bonding). In three hydrolysates no 

.. . J - <5«t •Ul-n k,^-„l,TW«lA 


labelled histones and the Ebrhch test on chromatograms of 
banum hydroxide hydrolysates were both so weak that 
neither cystinenor tryptophan could contribute signiffcantly 
to the end groups. The published analyses of histones show 
that these two acids are virtually absent (Davison & Butler, 
1954; Crampton ti at 1955). The ether, acid and acetone 
washings of DNP-histones obtained during tbeir prepara, 
tion have been examined chromatographlcally. Only 

— • ^ .VAVA 


accordmg to the amino acid analysis pnbhahed by Crampton 
ttal (1955). 

RESULTS 

The N-terminal groups found in the unfraotionated 
histones were, proline and alanine, with smaller 
amounts of serine, lysine, leucine or isoleucine, 
valine, aspartic end glutamic acids, glycme and 
threonine. The proportions of the end groups 
(expressed as percentages of the total end groups) 
and the total quantities obtained in the guanidine- 
bicarbonate and ethanol-bicarbonate media are 
given m Table 1. By comparmg the results from 
histones Him each reaction medium, it can be seen 
from the weight of histone/mole of end group that 
tho total yield is greater m the material prepared in 
guanidine-bicarbonate. The duration of coupling 
beyond about 6 hr, had little effect on the yield of 
end groups 

The values for serine and lysme end groups were 
found to vary considerably. It la thought that some 
of the earlier high values for serme were due to the 
omission of the acid washmg of the ether-soluble end 
groups, which would result in traces of «-DNP- 
lysine being measured as DNP-serine, smee it runs 
in exactly the same position on the two-dimensional 
chromatograms. Nevertheless, the average yield 
(molea/g. of histone) of aorme end groups from 
histone preparation H 1 was nearly four times as 
high when guanidine was present in tho coupimg 
medium (see Table 1), so that it would appear that 
in this case the ethanol-bicarbonate medium fails to 
allow l,fluoro-2.4-dmitrobcnzone to react com- 
pletely with sonno end groups. However, in tho 
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sought in the ethyl acetate extracts of the ucid« 
soluble part of many of the hydrolj’sates of DNP- 
histones, but ^thout success. Under the usual 
conditions of hydrolysis (4-5 hr. at 100° in lln-HCl) 
only one spot appeared on chromatograms of such 
extracts, in the same position aa DNP-serme. 
However, this spot was ninhydrm-positive and 
proved to be e-DNP-lysine. 

DISCUSSION 

The ^-terrmnal groups of the thymus histones 
found above mdicate the presence of two major 
types of peptide chain and about eight other types 
present m minor or trace amounts. The average 
chain weight is obout 25 000. This value and the 
nature of the chief end groups are, with the ex- 
ception of alanine, at variance with the results of 
Haley (1955) and Luck et al. (1956), which were 
obtained with hbtonea prepared by extraction with 
sodium chloride and hydrochloric acid of thymus- 
cell nuclei. In whole-thjoiujfl histones these authors 
found that valine accounted for 63% of the N- 
terminal residues, leucine for 21 %, alanine for 
18 % and glycine for 8 %. The value of I g. mol. of 


except on the assumption that degradation of the 
histones occurred in the preparative method used 
by Luck tt al. (1956). Although the histones are 
known to aggregate in alkaline solution (Davison 
tt oh 1964), the reaction with l-fluoio-2:4-dinitro- 
benzene is thought to have been complete since 
virtually no &ee lysine could be detected in the 
hydrolysates of DNP-hlstones. The hydrolyses are 
thought to have liberated most of the end groups 
since more severe conditions did not raise the values 
of terminal DNP -valine and DNP -leucine (which 
can give very stable DNP-peptides) to values any- 
where near those of DNP-proline or DNP-alamne. 
The corrections for hydrolytic and manipulative 
losses are thought to have been adequate, though m 

some work with DNP-proteins.e.g. with hypertensin 

(Elliott A Peart, 1957) and with corticotrophm 
(Levy, Geschwind & Li, 1955), the losses of terminal 
UNP -amino acids were greater than expected 
Finally, the washings from the preparations of the 
UNP-hiatones have revealed no loss of terminal 
groups such as Thompson (1953) encountered in the 
study of carboxypeptidase. 

Experiments made with the object of causing 
slight degradation of the histones, by keeping a 
solution at pH 7 for 2 days or ui 0‘lN-Bodium 
hydroxide for a day, or by heating the aqueous 
solution at 100° for an hour, caused only very slight 
increases in some of the end groups. Another 
experiment wherein all the ocid-aoluble protein 
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(not merely the histones) from thymus glands was 
coupled, after dialysis, ivith l-fluoro-2:4.dinitro- 
benzene allowed that the amounts of valine and 
leucine end groups (each was 6% of the total) weio 
smalt compared with the proline and alanine end 
groups, which were 35 and 27 % of the total end 
groups respectively. 

The sodium chloride-ammonia fractionation of 
the histoHM has been shown to precipitate the 
histones which are relatively richer in argmino and 
migrate faster on electrophoresis, and to leave in the 
solution the histones which are relatively richer m 
lysino and which migrate more slowly on electro- 
phoresis (Davison & Shooter, 1056). Table 2 shows 
further that most of the arginine-rich histones 
(H 18A) have alanine ^-terminal groups and moat 
of the lysine-rich ones (H18IJ) have ptohno N- 
terminal groups. The small amounts of histones 
with other end groups fall mto both of these main 
classes. 

The origin of the differences in yield of serme and 
lysine end groups m different preparations of the 
mixed histones has not been established. In the 
later preparations both of these acids formed only 
a minor proportion of the N .terminal groups. There 
may be variations in the proportions of the different 
histones obtained from different anunals or breeds 
of cattle. AUfrey, Mireky & Osawa (1955) have 
noted the variability m properties of thymus nuclei 
prepared at different times of the year. Moreover, in 
the preparative stages involving washings and 
dialyses near neutrality there is the possibility of 
enzyme action causing slight degradation of peptide 
chains. 

SUMMARY 

1 The chief N-terminal groups of the histones 
extracted from calf-thymus glands are proluie and 
alauine, with smaller amounta of lysine and serine, 
and still less of six other amino acids. 

2. The proportions of the serine and lysine end 
groups have declined markedly in later preparations 
of the histones. 

3. The quantities of the end groups gave an 
average weight of about 25 000/g. mol- of end 
groujJs. 

4. In a fractionation of the histones, those pre- 
cipitated by sodium chloride-ammonia (the argi- 
nine-nch histones) mostly have alanine N-ternunal 
groups, whereas those remaining in solution in 
sodium chloride-ammonia (the lysino-rich histones) 
mostly have proline end groups, 

I wiali to thank Fiofessor J. A. V. Butler, F.R S , for hie 
continual encouregeniMit and 5tisa P. Simaon and Mr E. \V. 
Johns for nitrogen analyecs aod histone preparations 
reapectiTCly. This inveatigation has been supported by 
grants to the Chester Beatty Research Institute (Institute 
of Cancer Reacarch, Royal Cancer Hospital) from the 
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In the case of flexible sj-nthetic polyelectrolj'tea, it was originally found by Fuoss 
& Strnusa (1948) that the reduced viscosity increases steadily with decreasin'^ 
concentration, wliicli was attributed to an expansion of the particle as the concen” 
tration is decreased. However, in certain cases it has been observed that on con- 
tinuing the measurements to very low concentrations, a maximum of the reduced 
viscosity is reached and at Joner concentrations it falls again to smaller values 
(Conway & Butler 1953 6; Eisenberg & Pouj-et 1954; Conway 1955). B would thus 
appear that the behaviour obscr\*ed in any case will be determined bv the relative 
effects of changes of conccntmtioii on particle interactions, and on the intra- 
molecular factors determining its extension. Tlie former may be expected to increase 
rapidly with the site of the particle and may, therefore, not become a predominating 
eflect in dilute solutions except w'itli extremely large and elongated particles. Thus 
Fujita (t Homma (1954) using carbox^'jnethyl cellulose, found that maxima in the 
curves of reduced viscosit}' against concentration for fractions of low molecular 
weight, give place to flat plateaux when the molecular weight increases. 

It is evidently desirable that a greater variety of polyeleetrolytes should be 
studied in this way. Tliose which are poli'mers of weak acids, such as methactylic 
acid, are susceptible to cflecta wliich may cause an apparent decrease of the reduced 
viscosity in water at high dilutions, e.g. (a) hydrolysis of the polyelectrolyte salt in 
water, as i?Na,.t-HaO?^BNa,-i+NaOH, etc., 

and (6) conversion of the salt into tire corresponding acid owing to the absorption of 
carbon dioxide from the atmosphere, which is difficult to avoid entirely, by 
+ HjCOj 5=* FNa,_i + NaHCOj. 

These reactions were considered by Conway & Butler ( 1 953 6) and Conway (i955) 
the investigation of polymethacrylic acid, and various testa were given which 
indicated them to be unimportant under the experimental conditions emploj^ed. 
A further test can be made in which such changes of the acid/salt ratio are avoided 
by using a salt of a strongpolyacid orpoJybase. In the case of polyvinyl jh -n-butyi) 
pyridinium bromide, wliich probably belongs to tlus class, maxima in the curves of 
reduced viscosity against concentration have been observed by Eisenberg & Pouyet 
(1954) and by Conway (1955). As a further test we have studied the sodium salt of 
polyatjTene sulphonic acid, manufactured by the Monsanto Chemical Co. and 
marketed under the name of Liistrex. The behaviour of this material has been 
examined both as supplied and after some degree of fractionation, the 
which was to produce variations of the average particle sixe. The effect o a 

saltson these materials wasalsoexamined.andinordertoobtainanestimateo ^ e 

degree of dissociation of the polyelectroly'te, measurements were made of dectntai 
conductivity of the solutions in water. 

Exfebjaie>tal 

Gharacteriatica of avXphonoltd ‘polyaiyrmt {Lastrex 7<0} 

The sodium polystyrene sulphonate used was a sample of Lustrex 7 - 0 supp J 

the Monsanto Chemical Co. As received it contained 8% moisture. Anal} 1^ 
obtained by Miss J. Cuckney and staff of the SGcroanalytical Laborat 
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Few mveatigAltoos of the behaviouf of polyelectrolyte solutions have been cairied to sufficiently 
low coneentrationa to ascertain the limiting value of the reduced specific viscosity at infimfe 

^ , * • ,I‘ -'AV , <n {A vAiAltmAalVaOTvIateol lAftVe 


investigatioD hsa been made Into the viscous behaviour of polymers oi the strong acid styrene 
Bulphonic acid and its sodium salt m dilute solutions These materials show a maximum reduced 
specific viscosity at a concentration of ea. 0-00*2%, which appears to be real, although ila mag* 
nltude is greatly infiuenced by the puniy of the water and small concentrations of ions have 
a very marked effect. It thus cannot be concluded with certainty that the observed mcrease 
of the reduced tpeclflo viscosity with concentration at low concentrations is due to interaction 
effects. 

The molecular weights of the (tactions used were determined from their mean seduseatetioa 
constants and mtrmsic viscosities using the equation o( Fiory & Mandelkem (1952). From 
those molecular weights, mean end.to.ead lengths of the particles under diiterent conditions 
wereder»«d by the relatien of Fiery db Fox <1951). It was found that at theroaximumof the 
viscosity curve, the extension of the particle ui water is about half of the tela) contour length 
and IS sufficient to permit of particle Interaction at these concentrations. The length is 
greatly diminished by mcreose of the ionic strength, and even if interaction occurs at low 
concentcatums, it oeasea to be the dominant factor when the concentration is greater than 
0 003 % in most cases. 

Sfeasurements were also made of the electrical conductance of the polymer in the salt and 
acid foniui, in the latter it was found that although the degree of dissociation is low, the 
equivalent conductance is nearly independent of tho concentration. This would appear to 
mean that tho dissociation of the hydrogen ions is determined by the loicro-environment of 
the acid groups within the particles and is scarcely influenced by the concentration of polymer 
particles in tho solution. 

iNTBODUenON 

From the intrinsic viscosity of high polymers, information about the sliape and size 
of the isolated particles can bo deduced and a study of tlie effects of changes of 
concentration and of added ions in solution may bo expected to indicate the changes 
of shape and size and particle interaction brought about by these variables. 

In tho case of sodium dcoxjTibonucIeato solutions in water, it was shown 

by Conway & Butler (19530) that the reduced viscosity, l]/c, when measured 
at very low shear rates in tho absence of added salts, increases continuously with 
increasing concentration. Since added salts have little effect on tho intrinsic 
viscosity of these solutions (Pouj'cl 195*; Conway & Butler 1954), it has been 
concluded that in this case tlio shape of the particle is to a large extent independent 
of the cottcentratian of added electrolyte, and that the increase of tho reduced 
vl«co?ity with concentration of the polymer, is due to incrca.sjng particle inter- 
actiowi. Tlie nature of these intemet ions is still uncertain, although tho great effect 
of small additions of ions indicates (Imtlhey have an electrostatic origin (Butler, 
Conway & James 1954} 
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first against distilled water and then against conductivity water for 24 h The 
solution was evaporated gently to dryness at 70® C, the solid being finally dried 
atllO®C. 

Preparaiton of polystyrene sulphonie acid 

It was hoped that by the addition of a large e-^cess of strong acid, most of the 
Lustrex would be precipitated from an aqueous solution in the acid form (Mock & 
Marshall 1955)* found, however, that when concentrated hydrochlorioacid, 

fortified with some sulphuric acid, was employed, only 37 % by weight of the polymer 
was precipitated and only 80 % of tfiis was in the acid form. Diafysfs of f he precipi- 
tate, after solution in water, led to chloride* and sulphate-free solutions, and 
the final dialysis was conducted against conductivity water. Evaporation of the 
solution was again carried out at 70® C. From the estimated molecular weight of 
the precipitated sample, A 2, after neutralization (see table 1) it is evident that 
some degree of fractionation has unavoidably occurred. 

The use of cation-exchange resins 6ngge8te{l itself as a convenient method of 
producing the free polymeric add. Accordingly, a 01 % solution ofLustrax was 
percolated down a column of Zeo-carb 225 resin, in the hj’drogen form. Between 93 
and 08 % of the polymer was recovered in different runs {A 3), indicating that little 
fractionation had taken place. The extent of ion exchange was 75 %. The clUucnt 
was dialyzed against conductivity water before evaporating to dryness or freeze- 
drying. A disadvantage of this method is the low concentration necessary to obtain 
a reasonable percolation rate. 

Stability of the polyelectrolyte 

(i) Solid 

The sodium polystyrene sulphonatc is verj’ hygroscopic, and must be dried at 
llO^C foe atlcast 2 h before solutions can bowiade up by weight. NodecomjKJsition 
of the solid was observed up to 130® C. In practice the concentration of the stoc* 
solution was measured by evaporation of aliquots to constant weight. 

When the acid form of the polymer wa? evaporated to diyness it rapidlj bec.'ime 
discoloured at 110® C, Prolongation of the heating at this temperature ^yon 
16 min led to the formation of an insoluble product. This sensitiveness oft le su 
phonic acid to heat has been reported by Demagistri (195°)- "^he production o an 
insoluble product when the temperature is raised may be the re.suU o cienuca 

reactionleadingtocross-linkmgthroughsulphonicacidgroups. Signerfc cmagi« n 

(1950) report that sulphonatioii of polystyrene by oleum leads to pro nc s \ 
swell and do not dissolve in water, due to sulphone formation. In our case, u si 
reaction could be avoided by freeze-drying of the solutions of polyacid. 

(ii) Solutions ^ 

The solutions of polyelectrolytc were made up in conductivity 

otherwise specified. Twice-distilled water was allowed to percolate 
B.D.H. mixed-bed resin (m.b.l.) using guard tubes of soda-hme to exciu 
dioxide. The conductivity of the eluato was 0*5 x 10"^ n ^ cm . 
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Imperial College, London, on the dried material were rci>ortcd as C, 41'7; H, 3-4; 
S, 14-7;Na 12 ' 0 %; corresponding to the empirical formula CgH 7 jS, o-Naj, 21 . If the 
material is consistently mono-sulplionatcd this indicates the presence of about 6 % 
of sodium sulphate. The presence of this amount of salt was not considered to bo 
a serious matter at low concentrations of the polymer, but is significant, since at 
0 001 % polj'nier it would lead to a concentration of counter-ions from tliis source of 
about I X 10-® g ion l."h Dialysis of the solutions leads to a small increase of the 
specific viscosity at all concentrations, but this is partly due to the loss of polymer 
particles of low molecular weight. However, dialysis did not change the character 
of the viscosity curves. The fractionated materials described below were all dialyzed 
before use. The quality of the water used was of considerable importance in deter- 
mining the shape of the viscosity curve at Ioav concentration. 

The partial specific volume of the polymer u'as determined by incnsurcmcnt of the 
density of solutions between 0-2 and 0-8% in 0*2 m sodium chloride using a pykno- 
meter at 20*0'’ C. The value obtained Avas 0*607 + 0*0)3 ml./g. 

The ultra-violet absorption spcctrvim of a 0*1 % aqueous solution was measured 
by Dr P. D. LaAvlcy . Bj’ taking the equivalent AA'ciglit of the polyelectrolyte ns 200, 
corresponding to CgH^SOaNa, the equivalent extinction coefficients at the maxima 
and minima Avere calculated: 

A [mu) 249 255*5 258 2D1-5 207 272 

e 262 321 304 361 282 106 

min. max. min. max. 

Pradionalion of sodium polystyrene sulphonalc 
Mock & Marshall ( 1955 ) succeeded in fractionating this material to give samples 
possessing an aA’crage molecular Avcight of 8 x 10*. by precipitation of fractions from 
a 1 % aqueous solution of the polyelectrolytc Avith 9 m sodium iodide. The starting 
material used by these authors had a weight-average molecular weight of 529000. 
It Avas found Avhen attempting to repeat this process with the Liistrox 770 sample 
that the addition to a 1 % solution of sodium iodide to 4 m caused the precipitation 
of the first 5% by Aveight. On adding small quantities of sodium iodide to the 
supernatant further fractions could be obtained. The precipitates adhered to the 
stirrer and could be separated readily from the solution. They Avere dissolved in the 
minimum volume of water, precipitated Avith absolute alcohol, and then dried to 
a pale yellow poAvder. Dilute aqueous solutions Avero mode as required and dialyzed 
before use. 

It AVas difficult to remove the yellow coloration from the fraction so prepared and 
accordingly an alternative method of fractionation aa’us attempted. Concentrated 
hydrochloric acid was added to a 1 % aqueous solution of Lustrox and precipitation 
commenced at an acid strength of G>' Care Ava.s again exorcised to ensure that only 
10 to 15% of the polymer was precipitated, and the fraction obtained (/t 1) Avas 
very similar to that u hich resulted from the use of sodium iodide The acid-prcci- 
pitatcd material was dissolved in Avater and reprecipitated Avith hydrochloric acid. 
Finally, it was redissolved in Avatcr, neutralized Avith sodium liydroxide, and dialyzed 


( 783 ) 



30i J. A. V. Butler, A. B. Robins and K. V. Shooter 

to avoid errors arising from adsorption of the polyelectrolyte upon the vessel and 
the electrodes. Each measurement of ceU resistance was made after two or three 
complete flings of the cell, mth intervals of 1 0-1 5 min between each. On standing 
for this period, the cell resistance in the firat filling, and occasionally m the second, 
increased slowly. Itfell again when the cell wasre-filJed with fresh solution, but after 
the third filling this behaviour ceased. The adsorption effect was marked in the case 
of solutions of the polyaeid, but was much less so with the salt. Since the sample of 
polyacid still contained up to 33% of sodium salt, the contribution of the latter had 
to be allowed for when calculating the equivalent conductivity of the acid form. 


Results 

Viscosity measurements 

The viscosity measurements are presented in terms of the reduced viscosities in 
decilitrea/gram plotted against the concentration of polyeJectroIyte in grams/dcci- 
litre or percentage weight. 



c (g/dl.) 

Fioube 1. Reduced viscogity plotted against concentration for aqueous solutions of 
sodium polystyrene sulphonate. 0« Conductivity water; x , twice-distilled water. 


(i) Sodium polystyrene sulphoTiate 

The curves of the unfractionated material are shown in figure 1. VVhen tvnee 
glass-distilled water was used, a flat maximum was observed in the curve betw^n 
0*004 and 0*01 %. When the solutions were made up in conductivity 
maximum was sharp and occurred at a concentration of about 0*001 /°’ 
difference between distilled and conductivity water was observed at a higi^ 
concentration, but if dialysis had been carried out the whole curve was 
higher values of reduced viscosity. Since there is very little change 
dialysis, it is possible that some fractionation of the polymer occurs by t e as 
of low molecular weight material out of the dialysis bag. The rise inaj a 
from the removal of traces of ionic impurities. In view of the uncerlaintie.s ar 
from dialysis, this process was not used except after neutralization 0 rac 
samples, as has already been indicated, and after column percolation. 
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The viscosity of dilute polj-styrene sulphonate solutions in glass vessels decreased 
slowly on standing. This decrease may be due to (a) the leaching of sodium ions from 
the glass; (6) the absorption of carbon dioxide from air with the resulting formation 
of bicarbonate ions. It has been’shown (Beattie 1953) that the leaching of fresh glass 
surfaces proceeds at a moderate rate. The deterioration was greatly reduced by 
storing all solutions in polyethylene vessels at a concentration of more than 0-02 %. 
Under these conditions only slight changes of viscoaty occurred during several 
weeks. In view of this stability it appears to be unlikely that the absorption of 
carbon dioxide is an important factor. The pol3*ethyleno vessels were kept closed, 
but rigid precautions to exclude carbon dioxide were not made, as the viscosity 
measurements necessarily involved some exposure to the atmosphere. 

The following procedure for handling the solutions was adopted as standard and 
gave reproducible results. The stock solutions from which all dilutions were made 
immediately prior to their investigation, and having a concentration of 0-02 % or 
greater, were stored in a polj’cthylenc vessel. The concentration of the solutions was 
measured by evaporation of 10 ml. portions to constant weight. The Couettc 
cylinders were rinsed twice with the solution under test. Some of the solution was 
then allowetl to stand in the apparatus for 15 min to elimirvato adsorption errors. 
This sample was then rejected and the apparatus was filled with a further sample, 
previously wanne<l to 25” C, and measurements were made at once. In tlie case of the 
low viscosity, unCractionated samples, this ‘conditioning’ procoduro made little or 
no diCTcrcnce, but with the higher molecular weight samples it was important. 

The visccsitnder 

Ileasuremcnta of visco«ity were made using n Couette-type of viscosimeter simUar 
to that dcsctibc^l by Ogston tStanicr (1953). The cylinders wore of stainless steel; 
the inner one ha\ ing a diameter of 1*25 cm and the outer one a diameter of 1*50 cm. 
The length of the inner cylinder wa.s S-O cm and it was susixinded by a berj'Uium- 
copper wire ofdiamctcr 0-00 tin. and length 30cm,and also carried a concave mirror 
of focal lengtlj 60 cm. The outer c^iindcr, which was thermostatically* controlled at 
25 ± on5“C by rapidly circulating water, was rotated through a system of belts and 
pnlloys by an induction motor geared to give an output of 10 rev/min. The shear- 
rates to w hich the liquid in the annulus was subjected rangcsl from 1 to 30 s'h 
llie viscosity was independent of the ratcof shear within these limits, except with 
the fraction' precipitatc<l hy sodjutn iodide and hydrochloric acid, for which the 
vi'WHjty decreased slightly over this range with inctrasing of shear. In these 
c.\M-s the Bp(‘cific vi*ec«ity at rcro shear rate was obtained by extrapolation, tlic 
conretinn appliwl l>ring only a few ivirts in ft humlrwl. 

Cimdueltrit^ nrtfurttnrnt* 

Tlin»e vtt-rv m.\dron ft Jon«*-Jowplis!>ridpr (Jones A. Jowplis J 92 S) by 

th** iimlfirs'* <it Dr 1' J. J*. Dqtpy. in the IVpartmenl ordieTOl'try, Chrlv-a 1‘olv* 
tnrhnie The rell was of liri;** capacity ) atel had a C’niitftnt of 

Tl.e elect r(»!r« «rTec»f j'l'tinizMl plati'mm arsd inttithegti»« sijpj»sn* in stjrh 

ft Way ih't onU one snrfaoeof each iotl.e>«duiion. (*-afr wa*ejefci»r^I 
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c(g/d\.) 

Fiomts 4. Beduced vificoaity plotted against concentration for solutions of polj'styrene 
Bulphonic acid prepared by HQ precipitation. 0» Free acid in conductivity water; 
• , ‘neutralized acid’ in conductivity water; ♦ • original unfraetionated sodium sa t 
(see figure 1). 
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• . Acid form of polyelecmlyta at 26" C; O. ^.d fom of poMectrolyta 
(different preparation) ; A , eodium form of polyelectroljda at 25 . 


Sedimentalim coepdenbi and molecular weigtls 

Sedimentation experiments were performed 
sulphonat® in 0-2 M sodium chloride nsmg a Spmw malyti . ^oot 
McLurements with solutions of the original uniraetiouated 
ooneentrations of 0-74 and 0-37 % nsing the ™>po^Sve.^on oprirel^^riem.^^^ 
at 0-074 and 0-037 % using the ultra-violet absorption J , Acting the 

sedimentation constant at infinite dilution was obtamed by !» 
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Figures 2, 3 show the reduced viscosities of the polystyrene sulphonate solutions 
in the presence of added sodium chloride. Tlie effect was especially marked in the 
case of samples of fractionated }>olymer (figure 3). 



c(g/dl.| 

Fiomz 2. Reduce vinco^ity plotted against ooncentrotion for a^uooua and salino soluliont 
of sodium pol)*»ijT#n« fulphonatc. 0» Conductivity water; Ot 6x 10 “‘ m haCl; 
A, 7x 10“*M NaCl; A, 8 x I0**u NaCl. 

Fiami; 3. Uoduced \-iiico«ity plotted against concentration for solutions of fraciionjitcd 
sodium poljttjTeno sulplionatc. Fractions obtained: O. by HCl precipitation, in water; 

by Nal precipitation, in water; A. by Kal precipitation, in 4 x 10-* >t KaCl; □. by 
Nal precipitation, in 4 x 10** m NaCl. 

(ii) atifpAonicocid 

Tlie viscosities of polystyrene swlphonic acid (figure 4) nrc higher than thoseoF the 
sodium snU, from which it was ohlninM by precipitation. However, part of the 
inercosc is due to fractionation in the precipitation, since on ncutraliring the 
jinlymer acid with soiliumliydroxide, the viscosities drop, hut do not return entirely 
to the values ohlainrd for the ongtnal salt. 

Conducfinty mrosvrrmrnfs 

Tlic^ mfftsurcmcnis vtrn* spread over the ronccntraliori region where the 
rj^rcific riscotity wasclianging *n»>«t rapidly w-nh concent rat ion It i* obvious from 
figure R that the elJ^u^ al*«nt omductiviiies of judynci'l and mU are only slightly 
«le^»en'lcnt on the roneentration T!>r values f»«r the jxdyand are or. 44 % of the 
value of the hyln«geii mti o>tnductAtire alone \Vitli«*’it a know Je«lgecif ihe mobilities 
< flhej»>J\mer particles^ the desTces of ds»v*clati'»?ifvnnoi l»’ct.ste»l,b'jt it i« evident 
that while the diMtfw-iatt'f} of t)-e arid f»*rm Is far from oornpVtr. the di*w’K'ianon of 
t!,e Wi-ljun aait i* c* rnjrxrati^ely high 
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Simitar calculations using the values of the reduced viscosities of the neutralized 
solutions at the maxima of the curves in water give tl,e maximum end-to-end 
distance Jl , as shown in table 2. the contour length of the polymer chain derived 
from the molecular weight taking the repeat distance to be 2-6 A is also eiveii for 
comparison. ® 


Table !. Iktrinsic viscosity and sedimentation data on toly&tykene 

SULPHONATE (LuSTREX 770) AND FRACTIONS DERIVED FROM IT 


fraction 

ivl 





10»5, 

10'* 

fAj 

original material 

1*4 

0-0' 

6-8 

770 

sodium iodide fraction 

2-5 

10 6 

11-5 

1110 

hydrochloric acid fraction A !• 

1-06 

11-6 

11-5 

1030 

acid form A 2* 

20 

0 05 

8-1 

920 

acid form A 3* 

1-6 

6-6 

6-7 

800 


• SodimetitAtion eo<<mcients ami vi^cMittos wwo Tneasured after neutralization of these 
fractions. 


Table 2. Comparison betiveen calculated molecular omENSioxs 




R‘ 


a* 

fraction 

(dl./g) 

(A) 

(A) 

lA) 

original material 

no 

3290 

8600 

770 

sodium lotiide fraction 

420 

6120 

14S00 

1110 

hj’drochloric ccid froction Ai 

420 

6120 

14500 

1030 

acid form A 2 

160 

3950 

10200 

920 

acid form A .1 

100 

3200 

6QOO 

800 


Discussion 


Although maxima in Iho curves of reduced viscosity against concentration have 
been observed in all cases of the solutions in water which were examined, it cannot 
be regarded as proved that the decrease in the reduced viscosity at concentrations 
below tlie maximum is due to n diminution of the interaction between particles. The 
result of a greater degree of purification of the water used has been to displace the 
maximum towards lower concentrations. It then occurs at such low concentrations 
that it ia possible that the values of the reduced viscosity are influenced either by the 
residual ions present in the water or by counter ions from the polyelectrolyte itself. 
The viscosity of the polystyrenesulpjionate solutions lias been shown to be extremely 
sensitive to the presence of added ions, even a concentration of 4 x 10'® M sodium 
chloride being sufficient to modify markedly the curve of 7jp./c against c. The sub- 
stance itself is a strong electrolyte and gives rise to appreciable concentrations ofions. 
Assuming complete dissociation, the sodium ion concentration derived from the 
polyelectrolyte in a 0 001 % solution will be of the order of 5 x 10'® m. It has been 
shown by conductivity measurements that the degree of dissociation, though not 
complete, is quite high, so that the sodium ion concentration arising from the poly- 
electrolyte may be of considerable importance. At concentrations below 0-001 % v ^ 
are, moreover, in a region in which the presence of residual ions in the solvent is o , 
great importance. 
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relation between and c. Jileasureraents on solutions of the fractionated material 
were made at concentrations of 0-07, 0'04 and 0*01 % using the Philpot— Svensson 
system at the liighest concentration and the absorption system for the lower 
concentrations. However, the sedimentation coefficient mcasv^red from the maxi- 
mum of the schlieren peak at 0-07 % did not appear to correspond very closely with 
the average measured using the absorption ayatem. An approximate value for the 
weight-average sedimentation constant at zero concentration, 8^, was obtained in 
these cases by extrapolation from the results for the two lower concentrations. The 
average sedimentation coefficients at 0-04 and 0*01 % did not differ by more than 
0'6 svedbergs. 



FxGmiB 6. Integral distribution curves of sedimentation coefficienta plotted against fraction of 
total concentration. —-.Originalmatenalleeefigurel), 0-037%; O. acid form obtained 
by ion exchange and freese dried, 0-01 %; add fonn obt^ed by HCl precipitation 
isee figure 4), 0-01%; x , fraction from procipiloUon (see figure 3), 0-01%; •.frac- 
tion from HCl precipitation (see figure 3), 0 01 %. 


From the experiraenta with the absorption ^stem, curves showing the distribu- 
tion of sedimentation coefficients were calculated in the manner described by 
Shooter & Butler (1956). The curves observed using the lowest concentrations are 
compared in figure 6. Although fractionation removed some of the lower molecular 
weight material the general shape of the distribution and the degree of heterogeneity 
are not greatly changed. 

Molecular weights of the various fractions when neutralized (if), have been 
calculated from the intrinsic viscosities \ii], determined by extrapolating rjtplc, 
taken at zero shear, to zero concentration in 0*2 m sodium chloride, and i?q, using the 
equation of Flory & Mandelkem ( 1952) : 

' _. 2 Sxny»(i-rp) 

Mi 

Where V is the partial specific volume, p the density and i}f, the viscosity of the 
solvent. The values obtained are given in table 1, where JJp Ls the mean end-to-end 
length in salt as given by the relation of Flory & Fox (1951): 

■^“ifC*rl/2'ixiow 
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It would appear to be necessary to suppose that the equihbriura of protons 
between sulphonic groups and water is independent of the concentration, at least 
over tlie range examined and that the dissociation of the — SOjH groups is deter- 
mined by their micro-environment and is largely insulated from the state of the 
whole solution. 

The equivalent conductance of the sodium salt is about equal to that of sodium 
ions, and therefore, assuming that the mobility of the pol3rmer ion is small, the 
degree of dissociation is high. The behaviour of the sodium salt is thus not unusual. 

We are indebted to Professor P. Doty and to the Monsanto Chemical Co., Spring- 
field, Mass., for supplies of the polyelectroJyte. This work has been supported by the 
grants to the Chester Beatty Research Institute (Institute of Cancer Research, 
• Royal Cancer Hospital) from the British Empire Cancer Campaign, Jane Coffin 
Childs Memorial Fund forMedical Research, the Anna Fuller Fund, and the Na tional 
Cancer Institute of the National Institutes of Health, U.S. Public Health Service. 
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Viscosity of a polyelectrolyte 

It may be seen from table 2. which gives the mean end-to-end length of the 
particles imder diflerent conditions for the various fractions, calculated from the 
Flory-Fox relation, that even at the observed maximum of the reduced viscosity, 
the extension of the particle is less than half the contour lengtli required by the 
molecular weight. A very small concentration of salt reduces this markedly, and in 
O' 2 M sodium chloride the extension is about one-tenth of the contour length It 
would appear, tlierefore, that at the low^t concentrations studied, the particles are 
not fully extended, but their end-to-end extenwon is of the same order a.s that of 
DNA particles in solution, which show marked interaction in solution at a similar 
concentration. It is thus reasonable to expect that appreciable interaction occurs at 
the maximum of the curve, but if the extension of the particle is a diminishing 
function of the concentration, interaction will soon cease to be the predoniiuant 
factor at higher concentrations. 

The main cause of the difference of behaviour appears, tlierefore, to be the great 
effect of ionic strength on the extension of the polystyrene sulphonate particle as 
compared with DNA. One reason for this may well be the mutual attractions 
between the aromatic nngs of the former, which act in an opposite direction to the 
repulsions of the charges carried on the roacromolecule. While in DNA the structure 
itself provides rigidity, in polystyrene sulphonate a sensitive state of balance of the 
forces causes contraction and expansion 

The difference between the reduced viscosities of the neutral and acid forms of the 
polyelectroly to is of some interest (figure 4). Since conductivity measurements have 
indicated that the hydrogen ion is less dissociated from the polyelectrolyte ion than 
the sodium ion, it is not to be expected that the acid form will have a greater 
extension in solution. The viscosity measurements would thus suggest that the 
greater value of the reduced viscosity of the acid form results from j)article inter- 
actions produced by hydrogen bonding between sulphomc groups. \'ery similar 
results have been reported by Basu & Sircar (1954), who found tliat the reduced 
viscosity of agar acid in water is greater than the viscosity of the sodium salt at nil 
concentrations. This behaviour has been tentatively attributed to hydrogen bonding 
in the agar acid. A similar study of gum trngacnnlh (Bnsu & Sircar 1955) revcalwl 
behaviour similar to that of polymethacryhc acid, namely the acid form at all 
concentrations has a lower viscosity than the neutral sail. It is significant tliat both 
IKilystyrenc sulphonic acid and gum agar acid possess sulpliomc acid groups, whereas 
in gum trngacnnth and polymcChacrjdic acid, (he ionizing group is carboxylic. 

Tho electrical conductivities of tho solutions also require some comment. The 
equivalent conductance of the polyelectrolyte in the acid form is only about 40 % of 
that of the hydrogen ^ons.8ho^^ing that dissociation is very incomplete. It is, there- 
fore, remarkable to find that the equivalent conductance is indepetulenl of the con- 
cenlratiou over the range cxanuneil. A similar liclmviour has been found uith vinyl 
tolucnc-styTone co-polymer sulphomc acid by Mock & Marshall (1954) and Mock, 
Marshall & Siykhouso {1954), who supgc«tc»l that ‘the miml«‘r of jwotouv lrap|K?d 
within the swoHen ellipsoid pmbably remains invariant wiili changing jxilvmiT 
concentratum'.aUlunigh tlwy jtointisl out thatthiti'^mron'istentnithtlic inference 
from viscosity that tho volume of the cUip'mid changt-i with tho concontmiion. 
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Per/usion.^The rats were killed by perfusion of ice-cold sucrose (0-25 m) or 
NaCl (0-86 per cent) into the aorta under pentobarbitone anaesthesia The tissues 
were quickly removed and kept at 0° to 4° or at ~ 20” if not used on the same dav. 

Isolation of total proteins. — Weighed samples of tissue were placed in cold JO 
per cent (vv/r) “ Analar ” trichloroacetic acid (TCA) and a suspension was pre- 
pared with the aid of a blendor of the cutting edge type (M.S.E. Ltd). After 
centrifugation the sediment was washed with TCA (10 per cent, w/v), then with 
TCA (5 per cent, w/r) followed by water and ethanol. The sediment was then 
extracted with boiling ethanol-chloroform (I : 1) twice for 20 minutes and then 
waslted twice with acetone. If no samples were required for radioactive assay at 
this stage the residue was washed with ethanol and then treated with TCA (5 per 
cent, w/v) at 90® for 20 minutes. After centrifugation the sediment was washed 
once with TCA (S per cent, w/v), then with water followed by acetone. The moist 
residues were dried at not more than 80®. 


Extraction of nucleic acids. — Samples of deox3TibonucIeic acid (DNA) were 
prepared by washing and centrifuging homogenized spleen or thymus tissue with 
NaCI (0*145 M) several times. The residue was then treated with sodium dodecyl- 
sulphate (Jones and Marsh, 1954) and the insulting impure DI^A precipitated 
twice with ethanol. Further deproteinization with chloroform-n-octanol (Sevag) 
usually followed if the size of the sample permitted. Ribonucleic acid and DNA 
were also isolated after treatment of the tissue with a two-pliaso system of phenol 
and w'ator (Kirby, 1950a, 19566). The nucleic acids were reprccipifated with 
ethanol twice. The protein fraction w’as isolated from the phenolic layer by the 
addition of ethanol and w'astung the precipitate with ethanol-water (3 : 1). 
Treatment \vith hot ethanol-chloroform and hot TCA then followed as described 
above. 

Differential centrifugation. — Each gram of liver or kidney was dispersed with 
5 ml of ice-cold sucrose (0*25 m) in a mechanically driven homogenizer of the 
Potter-EIvehjem type with a polythene pestle until almost no whole cells could 
be seen on microscopic inspection. The suspension was strained through 8 layers 
of gauze and centrifuged at 409 X g (average) for 10 minutes. The sediment 
was resuspended in sucrose (0*2.'> lu) with the aid of the homogenizer, ccntrifngwl 
and dispersed in ice-cold water. Citric acid (0-025 m) was careful!}' added to 
lower the pH to 6-1, After centrifugation at 300 X g for 8 minutes the loosely 
packed sediment was often suspended in cold water and centrifuged again- Hus 
separation of the nuclear fraction rvas followed microscopically. Tlie combine 
cytoplasmic supernatant liquids were centrifuged at 10,000. r.p.m. (*= *0,00 
X g average) in a No. 21 head of the Spinco ultracentrifuge for JO minutes. J ic 
mitochondrial fraction was resuspended in sucrose and recentrifiigei • 
combined supernatant liquids were centrifuged at 26,500 X g for 30 rnuni es o 
yield the microsomal and the supernatant fractions. TCA was addec o 
fractions which w'ere then treated as described above. _ , 

Experiments on tissue suspensions and proteins in vitro. Tissue «as o’’ 
gemzed m sucrose (0-25 m) or NaCl (0-85 per cent) , a , 

of the sodium salt of PAJI (see above) or a hydrolysate of PAM (see be ' 
added. In some experiments the tissue suspension was repiaceci a 
(2 5 per cent, w/v) of plasma albumin (Armour). After a given pen . 
precipitating agents were added and the sediments washed twice w i 
reagents and then processed as described above. 
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Table I. Spectre Jladioactmtie^ of Walker Carcinoma and of Proteins of Several 
1 ta3ue3 of the Ral after the Administration of PAM 


Expprj- 

ment Dow> 

number (ms./kg.) 

1 15 

2 . 22 5 

3 25 

4 . iii 

5 . 1C 

G 2-C 

7 . 2-fi 

8 . 5 

0 . 10 

10 . 10 

then C 
II . 10 

then 10 


Period 

of 

exposon 
to PAM 

(dai-a) 

4 

4 

4 

C 

8 


8 

1 

4 

3 


} 


Walker 

carcinoma 



Radioactivity ([ic/g.) of 


prooant at 

Ihimour 





Begin- 

ning 

End 

U'hoifi 

tissuo 

Blood 

ProloiiM protein* 

Liver 

V 

Kidney Spleen Thymus 
proteins proteins proteins 

-f 

4- . 

. — 

0-014* 

0-034 

0-038 

0-18 

_ 

+ 

+ . 

. 0-090 

0-060 

0-049 

0-046 

0-24 

^ 


+ . 

. 0 072 

0069 



0-035 

0-24 

_ _ 

+ 

+ . 

0-058 

0-050 

0-039 

0-025 

0-17 

_ 

+ 

+ . 

0-057 

0-031 

0-031 

0 025 

0-11 

_ 

+ 

+ . 

— 

0 007 


0-006 



_ 

— 

. 

— • 

— 

_ 

0-040 

_ 

_ _ 

+ 

+ . 

_ 

0-012 

_ 

0-007 



__ 

-f- 




0-018 

0-011 

0-045 

_ _ 

Not 







implanted 



' 

0-002 

0-18 ' 

I ] 

Dlttn 




0-033 

0-13 J 

U'Otff Vo-078* 



— 

— 

— 

1 J 


• Twaun troafod with cold TCA, woahod and dne«i «ith acetone, 
t Tusuo protoms prwipitaled >^it|i cold TCA. washed and lipid exlracfed 


Tumours implanted thirteen days befom intmiwntoneal adniZnUtration of a suspenmon of the compound lo 
nrachH oil. 

Uadiiwctivify of compound . 4*2 fic/mg. 

Range of Mcifjlit of m«a 25ft-3CO g, 

Hals killed fHTfuiion «ith NaCI (0'8.5 per cent) under |icntobnrbitono anaesilicsia. 


n)nio.it ouo-fifth of the sample/* from the /I’fcr anti nearly ene-lialf of those from 
the kidney in tlic experimorits sIiou*n In Fig. 1 to lo.?c between 21 and 35 per cent 
of their specific radioactivity'. When perchloric acid (PCA) was used in the same 
manner as TCA the specific rodioactivilics wcrc.about 15 per cent lower than ^v’lth 
TCA, The.se rc-sulls suggc-sted that radionctivo material removed by hot TCA and 
PCA might lift VC been bound to the nucleic acids which would thus have possessed 
a greater specific radioactivity than the proteins. Samples of DNA or RNA as 
Well as of the protein fraction of the same tissue \vcre therefore prepared in an 
attempt to obtain direct eWdcnce ou‘ this point ; but in view of the amounts 
available they could often not be highly purified. Even if the residual protein 
attaclied to the nucleic acids possessed no radioactivity the specific radioactivity 
of these samples of nucleic acids would still have been less than those of the protein 
fractions, lienee it follows tliat by the above mentioned treatment with TCA or 
PCA of proteins and nucleoproteins of tissues not only nucleic acids but also some 
other radioactive material bound to proteins have been extracted. 

Tlic specific radioactivities of cell fractions of livers and kidneys from ro s 
exposed to PARE for selected jieriods of time were then compared to obtain tur c 
evidence of the distribution of radioactive material in various parts of ' 

No tumour-bearing rats were used for these studies since tlie 
considered suitable for fractionation nor did they appear to differ markedly 
tissues such as the liver in respect of the amount of radioactmty t^-ken . 
can be seen in Fig. I that in each experiment the Bpecific radioactmties ® 
proteins are much higher in each cell fraction of the kidney tlian that oi e 
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Table Il.—Specijic Sadioactivilies of Whole Liver, Liver Proteins ani Blood 
^ after Administration of PAM 


Experiment number 


Period of oxpoaure 

Liver, whole tissue . 

Liver, proteins ^peroertiega of 
total radioactivity in proteins) 

Blood . . . . 

Dose: 10 mg. /kg. 

Specific or total radioactivities in pC/g. fresh tissue or protein fraction. 

Values for whole tissue ealoulated from results of radioactive assays of freeie dried samples. 


75 muiutes 
(itc/g) 
0-037 

0 035 (13%) 
0-023 


200 minutes 
IfiC/g.) 
O’OSO 
0-M0|9%) 

0-015 


24 hours 
Ific/g) 

O-OU 

0-027 127%) 


48 hours 
llic/g) 
0-010 

0-023 (32%) 
C-007 


Peaction with proteins in vitro 

Since some of the “ free ” radioactive material present in tissues in I'iro wowld 
most hkely react after death of the rat during the time taken to separate and 
isolate cell fractions the amount of radioactivity bound to the proteins of tissue 
suspensions after exposure to PAIVf m vitro was determined. In Table III are 


Table III. — Percentage .Kodtoactiwti/ Recovered wth Proteins after Addition of 
PAM to Liver Tissue Suspension of Plasma Albumin Solution 

Radioactivity {% of total) recovered in 


Tempera- 

tgr© 

PAM 

added 

(iiC) 



Liver protein# after 



Plasma albumin 
after 

0 min. 

SO mtr 

50 min. lO.Smin. 

6 hr. 

IThr. 

80 tni 

n. 20 hr. 

4* 

0-1 . 

0-« 


— — . 

0-6*t 

1-7 

— 

0-8 



I-O 


— _ 

0-7* 





0-5 . 



— 0-5 



•— 

■“ 


I-O . 

_ 


_ 


1-3 

— 

1-0 

15* 

O-I . 

0-4 

0-6 

_ 



— 


57* . 

Cl . 



2-4 — 

_ 

8-7 

2-6 

n-0 

I-O . 

_ 



3-2 — 

_ 

11-0 

2-0 

n-o 


— 

— 

— 

— — - 

— 

l«-0 

— 

“* 


Liver tissue suspensions 11 in 5) or plasma olbumin solvition (2-5 per cent w/vj 0-0 ml for 
experiment ; solutions of PAM (Na I -0 ml. 

V Cold TCA and Iipid extraction only. 

•f Total volume »= 1 1 -0 ml. 


shown the effects of temperature, amount of PAM (Na salt) and pf 
reaction on the radioactivity recovered in the final protein precipitate. . 

experiments were also performed with bovine plasma albumin. It can be . 
at low temperatures, the duration of the reaction, i.e. the period between ^ . 

of PAM and of TCA, slightly affects the amount of radioactivity, recoverea onij 
after 20 hours ; but a ten-fold difference in the amount of PAM added 
effect. However at 37", the proportion of the xadioaetivity recovere g 
with length of time of reaction. These differences may be due ei 
increased reactivity of PAM with the proteins at 37°, or to the presence o p 
of reaction which bind to proteins more readily than PAhl itself. PAM 

In an attempt to decide between these two possibilities samples 
hydrolysed in 0-155 M-NaHCO, replaced PAM in further otherwise 
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values. The use of lower concentrations of performic acid do^-n to one two- 
hundredth of that normally taken resulted in the removal of between 15 and 50 
per cent of the specific radioactivity. Formic acid alone had little effect ,• the 
decrease in the specific radioactivities was usually not above 10 per cent. 

The tests using sodium hydroxide under three differefit conditions (Table IV) 
can be seen to produce a drop in the specific radioactivities to between 63-76 
per cent of the control values. The effects of formic and performic acid and of 
sodium hydroxide were also examined on protein samples from experiments in 
which PAM or a hydrolysate had been added to tissue suspensions or a solution 
of plasma albumin. Most samples lost about 20 per cent of their specific radio- 
activity on treatment with formic acid. In experiments with PAM performic acid . 
reduced the specific radioactivity of liver samples to 29-49 per cent and of plasma 
albumin samples to 04-74 per cent of control values. Proteins from liver tissue 
suspension which had been allowed to react witli a hydrolysate of PAM retained 
54-68 per cent of the specific radioactivities of the control values. The protein 
samples from all experiments in vitro were found to have a similar resistance to 
the action of sodium hydroxide as those taken from injected animals. 

Chroniaiographj of protein hydrolysates 

In addition to the examination of the effect of these reactions on the specific 
radioactivity of the proteins evidence was sought of the possible identity of the 
radioactive materia! by chromatography of hydrolysates of proteins. For this 
purpose samples from the kidney were used which were considered to have a 
specific radioacti\'ity great enough for subsequent autoradiography. Much of 
the radioactive material stayed, however, at tlio origin of the chromatogram, the 
remainder moved as a streak for a short distance only. The happened with all 
solvent systems used except in one set of experiments when two spots comd be 
detected in the streak after a run in mcthyJethylkotone-watcr-acetic 
radioactivity was ever detected in the phenylalanine and t^osino spots, 
observations were tlien compared uith the chromatographic behaviour of r 
under various conditions of hydrolysis. Hydrocliloric acid (6 n), 0*155 M-Bomum 
bicarbonate (pH 8*6), 0*145 M-sodium chloride (pH 5*8) and 0*1 m phoapise 
buffer (pH 7*1) yielded betw'cen six aiid twelve spots most of which 
moving (Rf < 0*3) and linked by a streak to the origin. In addition a few P,. 
fast spots could often bo detected. The freshly prepared sodium .. 

moved fastest of all. The pallem of the spots was very similar whatever 
method of hydrolysis used. Tlio radioactive spots were almost always posi 
to ninhydrin and absorbed ultraviolet liglit. 


DISCUSSION 

The present investigation has shown that radioactivity derived from 
found in all the tissues examined and in all the cell fractions. It |s o c v 
to a greater extent in the protein fractions of the cytoplasm than 
nuclei. More radioactivity is bound to the protein fraction than t^o tne 
acids. A large residual amount of radioactmty m the protein Iractio 
the attack of reagents which might be capable of breaking ester 
formed by interaction with the nitrogen mustard group, possi 
that PAM may have reacted with the proteins through peptide ImK g 
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the microsomcs had tlic highest specific radioactiv’ities. In contrast, there was 
little difTerence in the specific radioactinties of the cell fractions of the liver. 

3. The proteins always had n higher specific radioactivity than the nucleic 
acids separated from the same tissue. 

4. PAM was found to react in vitro with proteins of liver tissue and with plasma 
albumin. Radioactivity was also bound to these proteins when in tlie presence 
of liydrolysate of PAM. It follows that the mode of binding of at least part of 
the radioactivity derived from PADir does not require the presence of tlie chloro- 
groups and also that it is not necessarily a metabolic process. 

5. Clironiatography of hydrolysates of protein samples showed no radio- 
activity in tyrosine or phenylalanine spots so that no conversion of PAM to one 
of tlicso amino acids observed. 

The author wishes to thank Professor J. A. V. Butler, F.R.S., for his advice 
and encouragement. Ho is indebted to Professor F. Bergel for helpful suggestions, 
to Dr. V. C. E. Burnop for making available the radioactive compound, to Dr. 
J. A. Stock for supplying certain nitrogen mustdrd derivatives and to Mrs. J. 
Taploy for technical assistance. 
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could be removed by the action of proteoiytic emymes, such as chymo- 
trypsin, which has been found to retain Its activity in the presence of 
DNA (4). The effect of trypsin and chymotrypsin on the sedimentation 
behavior of DNA has been examined. 

Experimental 


Sedimentation ExperinenU 

The BedimentftUon CKperimeati were performed using a Spinco analytical ultra- 
ceotrifuge fitted with ao ultraviolet light^absorption optical system The sedi- 
mentation-coefficient distribution curves were calculated as previously described 
(2). Seven different preparations of DNA from calf thymus were examined. In 
each case the samples were dissolved in water at coocentratioiu of 0.004^007% 
DNA, and then sodium acetate was added to O.I M. Chymotrypsin and trypsin 
were added to these aotutions in amounts by weight approximately equal to the 
amount of DNA The solutions were kept at 4*C. for S-7 days and re-exauuned. 
These were thought to bo suitable conditions for the action of the eaiyme, wUIe 
ensuring the etabiUty of the DNA. 

The addition of trypsin had no effect on any of the preparations in- 
vestigated. The results obtained on the addition of chymotrypsm are 
shown in Table I. With the three samples prepared by the detergent 
method (6) <TNA 23, 32, and 33A) it resulted in definite changes in 
the sedimentation characteristics. The distribution curves observed for 
TNA 32 are shown in Fig. I . It can be seen that in this case the addition 
of chymotrypsin leads to an increase in the proportion of DNA with 
sedimentation coefficients in the range 5 1&-30 and a corresponding 

decrease in the proportion with S > 30. Similar curves were observed 


Prep*ntioa 
TNA 7 


15 / 


J29 

Cv5 


33A 

33B< 


TABLE I 


Method of prepanlios 
ChymiotrypsiD 
iocubatioa 

Dodecyl sulfate 

Amyl aleobol -H 
chloroforni 


Arerete S 
10 01 if 
NeAt 

Areriie S lo 
01 jlr NtAc 
•f ebymo- 

20 

20 

21 

21 

27 

2S 

29 

24.6 

20 

20 

21.6 

21.6 

22.6 

21 

19.6 

19.6 


• TNA S3A after two further treatments with detergent. 


Per Hat 
protrta 


0 & 
0.2 
0.08 


per trtt of 
DKA tcp«- 
ptedcr 

proteia 


0 

0 

25 

25 
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Introduction 

In recent years many investigations have been made of the physical 
properties of deoxyribonucleic acid (DKA) solutions and very varied 
results have been obtained even with preparations from similar tis- 
sues (1). Only limited conclusions can be drawn from such results until 
methods of preparation are available which give rise to a product hav- 
ing reproducible properties. For this reason the investigation of the 
causes of variations in the physical characteristics of DNA is of im- 
portance. 

It has also been found (2) in sedimentation experiments at low con- 
centrations that DNA, as normally prepared from various tissues is 
extremely polydisperse, the range of sedimentation coefficients being 
from 10 to 40 5 or greater. That this heterogeneity is real has been 
shown by the fact that fractions having different sedimentation charac- 
teristics can be separated from one solution by sedimentation (3). The 
position and shape of the sedimentation-constant distribution cur\’e 
is indeed quite variable with different samples of DNA, and in the 
first place it is necessary to find the origin of these differences. 

One factor in this polydispersity is the possible aggregation of DNA 
particles. It has been shown (2, 4) that it is unlikely that aggregation 
is caused either by heavy-metal ions or by residual histone remaining 
in the preparation. Analysis of DNA preparations has shown that they 
contain small amounts (up to 1 %) of protein, which is not basic in char- 
acter, and this may be responsible for a^regation by forming “cross- 
links” between two DNA particles. This protein is usually not entirely 
removed in many of the preparative procedures used, such as the pre- 
cipitation of proteins by an anionic dete^ent. It was thought that it 
423 
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treatment were unafTccted by chymotrypsin. This shows that the aggre- 
gates which arc broken down by chymotrypsin treatment are concen- 
trated in the fraction having sedimentation constants >30. 

The proportion of DNA which is cross-linked by protein can be esti- 
mated from the fraction of the material of which the sedimentation 
coefficients are displaced to lower values by the chymotrypsin treatment. 
This is shown shaded in Fig. 1. The estimates obtained are recorded in 
the Inst column of Table I. 

The preparation CV 5, kindly given to us by I'rofessor Sadron and 
Dr. Vendrely, was also examined. It has a very high molecular weight 
of 10.5 X 10* and, having a radius of gyration of only 2550 A/ is com- 
paratively compact (7). It seemed possible that the compact form of 
the particles of CV 5 might be due to intramolecular cross-linking by 
residual protein, but it was found, however, that chymotrypsin had no 
effect on it. 


Proteins Present in DNA Preparations 

(а) Analysis. There is no simple analytical method of determining 
the residual protein in DNA preparations. In theory, it is possible to 
determine the amourtt from the ratio of N to P, but in practice it is im- 
possible to determine this ratio with sufficient accuracy. We therefore 
adopted the laborious method of estimating separately all the anuno acids 
formed after complete hydrolysis. This can be performed for all the 
amino acids present ejccept glycine, which is produced in large quantities 
in the acid degradation of adenine and guanine, and was omitted from 
the summation. 

The amounts of the amino acids were determined after hydrolysis for 
24 hr. in a sealed tube at 1 10*’ with 6 N hydrochloric acid, by converting 
the amino acids formed into dinitrophenol derivatives by treatment 
with l-fluoro-2,4'dinitrobenzene (FDNB) at pH 9 for 2 hr. at 40 C 
The ether-soluble derivatives were estimated chromatographically by a 
combination of the methods of Blackburn and Lowther (7), and o 
Levy (8). 

The results obtained (Table II) are summed to give the total ammo 
acid present, excluding glycine, and indicate its character. ^ 

(б) Nature of Protein. To ascertain if any part of the residual pro- 
tein” was present as small peptides or even as amino acid nucleoti es, a 
deoxyribonuclease digest of DNA was coupled with FDNB. sma 

> Cf. TNA 7 with M - 8.5 X JO* and radius of gyration 2440 A. 
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Fio. 1. The effect of chjTnotrypsiQ treatment on DNA sample J 32. Upper 
figure: integral distribution curves (weight fraction of DNA at any S is equal to 
the slope of the curve at this point). Dotted lines indicate weight-average sedi- 
mentation coeSLcient. 

Lower ffgure: normal distribution curves showing weight fraction of DNA 
(between 5+ 1 and^ — 1). Shaded area is equivalent to fraction of DNA->protciD 
aggregates. 

for TNA 23 and 33A although in the latter case the change in the dis- 
tribution was much smaller. The amount of protein in TNA 33A was 
only 0.2% and this was reduced still further by two more treatments 
with the detergent. The sedimentation cur\'c of the product (TNA 
33B) was not affected by chjTnotrypsin. The two samples (TNA 7 and 
15) had already been treated with chymotrjT)an during the course of 
preparation (4). In these cases it was therefore expected that it would 
not have any further effect. This was borne out by the experiments. 
Similar experiments were also performed using a sample of DNA pre- 
pared by the Sevag method (6) (TNA 29). It has previously been shown 
that the Sevag method produces a DNA which sediments more slowly 
than that produced by the detergent method (2). The addition of chymo- 
trypsin caused a definite change in the distribution curv’c. The behavior 
of the Scv'ag product is thus still influenced by the presence of protein. 

The change in the distribution curves caused by chjTnotrj’psin can 
be attributed to the severance of protein cross-links holding aggregates 
of DNA particles together. The correctness of the view has been con- 
firmed by centrifuging in a swinging bucket rotor for a time which was 
calculated to be sufficient to remove the larger particles with S > 30. 
The sedimentation characteristics of the supernatant left after this 
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Fio. 2. The cBect ol ebymotrypaio treatment on DNA sample J 33B. Totegral 
distribution curves. 

their asjTnmctrj', such fts might result from the breaking of intramolec- 
ular cross-links. In the latter case the viscosity of the solution would be 
increased. It was found, however, that the action of chymotrypsin re- 
duces the viscosity of the solution, i.e., reduces the size of the particles. 
It would appear that the cross-links are mainlj' intennolecular and not 
intramolecular. It may be noted that the result of reducing the amount 
of aggregation by reaction with ch^Tnotrypsin is to reduce the differences 
obser>*ed between different preparations. The amount of protein re* 
maining in DNA can bo reduced, as in TNA 33B, to a very small value. 
As tUs preparation still shows a spread of sedimentation coefficients 
from 5 » 10 to 5 «= 40 (Fig. 2), and is unaffected by chymotrypsin, 
it follou's that there is a considerable amount of hctcrogeueity, even 
in preparations which have less than 0.1 % protein, which would ap- 
pear to be duo to heterogeneity of the DNA particles themselves. A 
serious difficulty that remains is that we have do method of determining 
whether any residual aggregation occurs through the small remaining 
amounts of peptides or proteins which are not susceptible to attack by 
chymotrypsin. The estimates of the proportion of DNA which is aggre* 
gated in this way must therefore, for the moment, be regarded as mini- 
mum values. 

Table 11 shows that most of the amino acids commonly found in pro- 
teins occur in minute amounts in highly purified DNA preparations. 
The high proportion of aspartic and glutamic acids and the generally 
low proportion of lysine (os vvell as the inequality of the alanine and 
lysine values) indicate that this material, if protein, is not histone. The 
absence of hydro-Typroline also indicates that it is not a contaminating 
connective tissue protein, such as collagen. 

It must be borne in mind that since we are dealing here with a minu^ 
amount of protein remaining in a nucleic acid which originally ob- 
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TABLE II 

Amino Acidi Found in Ilydrolyzatea of Variout DNA SampUt (Molar Ratioi) 
For comparative purposes the alanine value has in all cases been taken as 10. 
Cystine, methiontne, and hydroxyproline were not seen in any hydrolysate, and 


tryptophan and amide were 
Amieo >cid 

not determined 

TNA IS 

TNAJl 

TNAMA 

TNA 3JB 

Alanine 

10 

10 

10 

10 

Aspartic acid / 

23 

12 

48- 

18 

Glutamic acid\ 

Glycine 

_ 

11 

_ 

_ 

Valine 

6 

8 

11 

V* 

Leucines 

10 

17 

13 

Phenylalanine 

2 

4 

3 

0 

Tyrosine 

0 

0 

+ 

0 

Senne 

7 

9 

10 

7 

Threonine 

9 

4 

? 

4.5 

Proline 

7 

11 

6 

2 

Lysine 

4 

5 

2 

0 

Arginine 

11 

7 

15 

0 

Histidine 

9 

6 

? 

0 

Total as % of DNA 

0 5 

0 8 

0.2 

0.08 

N/P ratio of DNA 

I 64 

1.69 

1 61 

- 


* It 13 possible that the aspartic-glutamic acid spot contained the threonine 
m this preparation 

insoluble yellow precipitate was formed which contains all the amino 
acid types found in a total hydrolyzatc of the undigested DNA, and as 
it also contains virtually no phosphorus, it is probable that it is dinitro- 
phenylated ‘protein or proteins The supernatant material, containing 
all the nucleotides from the digest gave practically no amino acids on 
complete hydrolysis (glycine excepted). It is su^ested therefore that 
the amino acids found in these DNA preparations are largely present 
as protein. 


Discussion 

The results of the sedimentation experiments given in Table I clearly 
demonstrate the marked effect that small amounts of residual protein 
can have on the physical properties of DNA. The observed decrease of 
the sedimentation coefficient produced by chymotrypsin treatment may 
be due either to a decrease m size of the particles or to an increase in 
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Fractlonatron of microsomal proteins by a non-lontc detergent 

A considerable amount of evidence«.».» has l^n accumulated to show that the combined proteins 
of tlie tntcrosome fraction Incorjwralc Ubelfed ammo arjds more readily than those of any other 
cell fraction It would be of prrai Interest to know the nature of the proteins into which tha 
Incorporation occurs. Altempu have been made to obtain protein consliloents of microsomes 
by extraction with sodium deoxi-choLste* or stxbum chloride followed by sodium hydroxide* 
The protein fractions « hich remained associated with ribonucleic acid (nXA) alter such treatneats 
were usually foumf, after short periods of Incorporation, to have higher specific radioactivities 
than those devoid of RNA. 


aesthesla Induced by {vntobarbltooe aodiuin In expenmenta designed to examine the incorpo- 


were centnfugeil from the mitochondrial supemAunt liquid which had been diluted with 07 
volumes of o aj .V sucrose The microsome pellets were resuspended with the aid of a polythene 
pestle in Lubroi \V dissolved in suerotc. They were then centrifuged at 105,000 X f for 

2 h to Rise the “deterRent pellet’', which had the same appearance as the microsome pellet. 
The supernatant liquid was aomettmes freere-dried and excess detergent was extracted with 
acetone All samples were then analyseil for RNA and total proteins according to Lmiintto 
ttel.*. Lipid phosphonis was determtncsl on the 
chloroform-elhanol-ethcr extract The final pro* 
tcin residue was assayed for radioactivity on 
polythene planchets (1 cm*) in an end«wtmlow 
counter connected to a scaling unit fTvpe tooC. 

I^nax Equipment Ltd ). 

PiR. I shows the cfTect of different concen* 
trations of Lubroi W on the composition of the 
determent pellet It can be seen that, atailcon* 
centrations used, virtually all the RNA is re- 
covered m the detergent pellet. The proportion 
of protein remaining in this pellet reached a 
plateau at a s*alue of approximately 30% In the 
presence of detergent concentrations tetween 
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%f>eferse'’t 


ng. I. Fniclionation ot 
(tituents by Lubroi W. D-^ RRAl O ^ 
protem; A— Ahpid phosphorus. 


pellet In tne uetergeiii penn uit- aiik 
protein found was approximately 4 times the 
amount of RNA It may be noted that this 
amount of protem is considerably greater than 
that which LiTTLeriELD et al.* observed after 
tre.itiDcnt 0/ the microsome pellet with sodium 

dcoxychobte ,, . -j. ^Aio- 

Table I shows the effect of the length of the penod of iocorp^tioa on tne ^ 

activities of the proteins of the two microsome fracUons in comparisoQ with th» 0 
somes as a whole and the final superoataot liquid. Alter periods of 6 ttua or lo 5 .„,./* 3 iatof 
of the fraction solubilired by Lubroi W had a specific radioactivity' apprirafflateiy twice 
those proteins which remained m association with virtually all the RN A olihe m . ^^sed 
It can also be seen that variations from o 23% to 1 0% in the concentration ,unenja»“f 

did not affect the Specific radioactivities of the protein of the d^rgent ^ ^ich in- 

he rernam^** 

' ictivity of the 

. , ■ irotems of the 

•o.xycholate arid 

■ ' * , aunts of piot«i“ 

' ' * ' ' ' ' . ns present was 
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tained in the form of nucleoprotein from a homogenate, it is possible 
that it represents contamination picked up, e.g., from the cj^oplasm, 
during the preparation. It is clear, however, that the amount of amino 
acids or small peptides bound by covalent bonds present in DNA pre- 
pared by the dodecyl sulfate method of Kay, Simmons, and Bounce (5) 
from thymus gland, is extremely small (less than 0.1% in the case of 
TNA 33). This is in marked contrast to some results now appearing in 
the study of ribonucleic acid (9). 
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SUMSIARY 

The effect of small quantities of residual protein on the sedimentation 
heterogeneity of DNA has been examined. It is found that treatment 
of the DNA with chymotrypsin reduces the fraction having high sedi- 
mentation coefficients, and it is concluded that the latter are due to 
protcin-DNA aggregates. The amount and compodtion of the protein 
present prepared in various ways has been determined. 
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Physical Fractionation of DIVA by Cenlrifugalion and 
Other Processes 


K. V. SHOOTEU Olid J. A. V, BUTLEH, Chesler Beally Research InstUaU, 
Inslilute of Cancer Research: Royal Cancer Hospital, Fulham Road, London 
5.1V.3, England 


A tecliuiquc of using ullrftviolct light absorption for the study of the 
Sedimentation of nucleic acids at low concentrations (0.01-0.001%) has 
been described.*-* ft was found that with all the samples studied the dis- 
tribution of sedimentation coefficients extends over a considerable range 
(5 “ 10 to 40). This heterogeneity appeared to be a real characteristic of 
the materials examined, as shown by various tests that i»ere applied. The 
samples investigated however differed among themselves, suggesting that 
tlic nature of the product is influenced by hnown and unknown factors in 
the method of preparation. A study has now been made ofsome of these 
variables and it is found possible to vary the distribution of sedimentation 
constants in the product by various procedures. If the distribution of 
sedimeutation constants is real it should also be possible to effect a frac- 
tionation by sedimentation itseff on a preparative scale. This has 
achieved olthougli unfortunately, owing to the very low concentrations 
^Yh^ch are necessarily employed, the amount of the fractionated material 
obtained is very small. 

EXPERIMENTAL 

(1) Preparative Fraclionalion of DNA in Swinging Bucket Bolor 

A 0.007% solution of DNA in 0.2 AT sodium chloride wag centrifuged 
for 4.5 hours at 39,000 r.p.m. in the swinging bucket rotor developed by 
Spinco Corporation (using the Spnico analytical centrifuge). When de- 
ccferation was effected by the use of the brake It w ns found that stirring o 
the solution occurred ; but, when the brake was not used so that decelera 
tion occurred slowly under the influence of the frictional forces present, i 
was possible to avoid mixing. . 

The run was continued until the overage concentration of DNA * 

solution was 0.001%, the greater part hanng sedimented to tiie bottom 
of the tubes, where it was present os a gel-like mass. The supertiotan 
solutions were poured off from this gel, and after standing for 24 hours e 
sedimentation coefficient distribution curves were examined in the ana s • 
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TABLE I 

SPECIFIC RADIOACTIVITIES OF PROTEINS OP MICROSOMAL FRACTIONS AND SUPERNATANT LIQUID 


Spiafit ttdtoatttnlte* ol 


Body Ttigit Penod 

(t) (mn) 




Mxerosonut 


Dttitgentirealmtnt 


SnpernatMU 


PtJld resutperid^d 
tn Nd d^xyeMaie 


Stdwtnt 


Svpmatanl 


Ftnol mpemaiani 


350 

2* 

0.25 

335 

6 

0 25 

I.O 

230 

ioVj** 

0.25 

333 

ioVj 

I.O 

22t 

31 Vs 

0.25 


I.O 
I o 


0.71 

0.9D 

0.46 

0.94 

0.78 

I 33 


0 70 

I 16 

2.22 

*•34 

2.91 

2.06 

1.07 

2 56 

4-59 

*•47 

5-40 


a -45 

5 ** 


2.40 

585 


*•95 

0.39 

0 ti 
0.25 

*•43 

I 38 

0.68 

0.43 

*•53 


Each rat received o a mc/kg of DL-phenylalaQtne(3-**C) (a mc/mmole) intrapentoneally, except. 
Injection into tail vein under bght ether anaesthesia 
* Injection into femoral vein under light ether anaesthesia. 


negUgible It can be seen that Uiese tibonucleoproteins, not solubilued by sodium deoxycbolate, 
were responsible lor much of the high initial specific radioacbvity of the detergent pellet In 
contr^t. the bpoproteins of the detergent pellet had a lower specific radioactivity than the 
proteins of the supernatant hquid obtained by the treatment of the microsomes with Lubrol W. 
\Vhea the time of incorporation was extended to to 5 min, the two protein fractions produced 
by the treatment of the detergent pellet with sodium deoxycholatc bad the same specific radio- 
activities. 

An efiect of the oon-iooic detergent Lubrol W on microsomes is thus to produce a fraction 
whose proteins become readily labelled within a few mmutes of the administration of phenyl- 
alamne^^C. 
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Hg. 2. SetlimciUaliuti coeincient «li«triI>ution curves oLtalucd at dif- 
fcrciit stages of the preparation of DNA by the detergent method. 
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Fig. 3. Comparison of titc sedimentation coe/Iicient dislribnlion curves 
for preparations of DNA and a nucleoprotein. 


In aiiolher experiment (Fig. 3) llic scdinjciilatioii curve obtained simply 
by dissolving a nucleoprotein preparation in 2.5 M sodium chloride is 
(curve E). In such a solution dissociation of the nucleoprotein into D 
and histone is almost complete* and the contribution of the protein tot c 
absorption of the solutions is slight. ^ . 

The distribution curve of this material is very similar to that of the 
(e.g., the preparation D) of the previous experiment. DNA prepay ro™ 
E by the detergent method was, however, deficient in some of the 
slowly sedimenting fractions. This is probably due to loss of this ma en 
in the stage of precipitation with alcohol. It has in fact been foun 
DNA with low sedimentation constants is precipitated by alcoho 
parativeJy slowly and in a powdery and not a fibrous form. 
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1. Sciliincntutioii coollicicnl (liflriluiliott curves sluuvifig fruclitinj* 
lion achicxed aflcr prolonged centriruging. 


cal machine (Fig. 1). It can be seen that, althougli there is still a range ol 
sedimentation cociUcicnls in the supernatant, the overage value of 5 is 
only 14, as compared n ilh 19 for the original solution. It is calculated that 
under the sodimentation conditions mentioned no material with S > 20 
should be left in the solution; the maximum value of S in the solution was 
22, and only 4% of the DNA had values of S > 20. It may l)c concluded 
that a scdimcnlatioti fractionation 1ms been achieved which is in reasonable 
iigrcenient with that to be expected from the scdimcnlalion rocfficicnls- 

(2) Influence of Method of IVcpuniliun 
/Jelcfflcnt Method oj Kay, Hmunoiis, und i>euftcc* 

In these experiments the nuclcoprolciii of calf thymus tissue nas pro- 
tmred as described by Shooter, Davison, and Butler,^ inul left nt Uic stage 
of a suspension in 0.11 Af sodium chloride. Tlic nature of the product (dis- 
solved in 2.5 Af sodium chloride) was examined in iheultracentrifugc at the 
following stages; 

(1) To the suspension 5% dclcq^cnt (sodium dodccyl sulfate) in 45% 
alcohol was oddwl, followed by precipitation of the protein dolcrgenl com- 
plex with sodium chloride at I Af mid centriruging. Solution A is llic 
supernatant. 

(2) The DNA in tliis solution was pn*cipilalcd with alcohol and wusluxl 
and dissolved in water. DotergenV was again added followed by NaCI to 
1 A/ as licforc. The wip^'cna taut after cewUifwgiw" was used for solution It. 

(A) The DNA was precipitated with alcohol and washed nml rcdissolved 
in water and fumlly tnlt wnsnddwl to 0.14 A/ (solution C). 

(4) This solution was centrifuged and the DNA was proeipilulcd with 
al<-nhol and washed and drierl in n vacuum desiccator. Tliis prothict was 
use<l for solution 1). 

U con l>e seen in Figure 2 that these four prfxlucLs dcITcr >ery little in 
their wxljtncntntion ilislrihutions, so that the character of the product is 
hanlty tilTiTted at nil by the puriru-alioti i»r«ocdun*s o«xl. 
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Fig, 5, Comparison of the seilimentation coemcient dlslrihnljan cjjrvrs 
for the disperscil anti gel phases of niiclenprotein. 


Was not a simpJe process of dispersion of the gri, hut involv'ed some enzyme 
action. Observations made on solutions obtained both from the gelatinous 
material (isolated by centrifuging) and on the dispersed material in 2,5 M 
NaCl (0.006% DIVA) arc sho'vn in Figure 4. Jt can be seen that the 
sedimentation coefficients of the DNA in the gel pliase are much higher 
than those of tlie dispersed substance. However, it can be seen from Figure 
3 that DNA made from this gel by the detergent method has a simffar sedi- 
mentation coefficient distribution. On standing until “liquefied” the gel 
material in 2.5 M NaCl gives a similar paiiern to Hint of the original dis- 
persed material, ft is therefore reasonable to eonciiide that In the dispersion 
n proce.ss of l>real»do«’n or divtggregotion of the DNA itself is occurring, 

DISCUSSION 

It is evident that physical fraclionnlions of DNA can be performed both 
by centrifugation and in Ihe course of various preparative procedures. 
This may lielp to explain the very wide variation of physical properties ob- 
served by different workers with apparently similar preparations. Tije 
detergent method of Kay, Simmons, and Doaoce* gives a product wit i 
characteristics similar to those of the DNA in the nucleoprotein. On I e 

TABLE 7 

Oaanin?. A«f<Hifn^. CyUjiinp. Thymin*. 

DNA pr^p«raHon ?• % 

Prepared by Sevag method. . S'* 6 it 0 3* 29 2 sfc 0 3* 21 ■> ± 0 4 7 d: a 

From Sevag residues. ... . 23.9 28 5 21.2 ► ■ 

From nucleoprotein gel‘ 21.6 28 7 22.3 

From dispersed nucleoprotein. 23 7 29.7 21.2 

UnfracUouflted 24.7 20.0 20 8 » 

* Standard deviation. . ,. 

* 'I Ids prepanitioii rontninMl 1.2% iirncil. i e.. 4.9% nboiiuneic an I 
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(6) Sevag Process^ 

In ll»is process the nucleoprotein was suspended in 0.14 M sodium 
chloride, and the concentration of salt increased to 2 M. The solution was 
then hoinoRenized with a equal vohime of a 10:35 mixture of amyl alcohol 
and chloroform for 30 sec. in n Waring Blender and centrifuged. The clear 
supernatant was collected and the lower layers conLiining denatured pro- 
tein were rejected. The aJcoliol-chloroform treatment was then repeated 
several times. 

The products after the second, third, and fourth extractions were ex- 
amined, as before, in the ultrncentrifuge in 2.5 M sodium chloride. 

It can be seen (Fig. 4) that a definite fractionation occurs in tliat the 



-9 'Wia MCOtKI 
> NVCU0*Mt(m 


i -1. iioiliinviilatioii cocdicicnt <tSi*trii><ilM»n ctirvit* nt dilTvr- 

cm «lugc» ot (lie itecp^ruXton v( DNA hy lite Sevue tnelUo*). 

material of high sedimentation constant Is lost in the first two Sevag treat- 
ments, hut later, similar treatments causc<I no significant change. The 
latter result must mean that blending with nlcohol-chloroform docs not by 
itself produce progressive changes in the DNA. It is probable that the 
frnctions^of DNA with high values of 5 arc Rcicclivciy removed with the 
denatured proteins and are not exlrarled by llie salt solution. To lest this 
a preparation of DNA was made hj the detergent niethoi] from the pre- 
cipilalc ohtainrd in the first treatment. It was found that its average 
sedimcntalioM constant was 2 5 units greater than the filial Sevng product. 

(f) Srjxiralian of Gel anil Diyfrntf Pha^rx of Nucleoprolcin 

It was found* that when calf thyniiis nucleoprutciii is dialyzed against 
water to rcnioM* sail it fonns a gelatinous tnalrrinl which contains l)Oth 
persistent gi'l*' islands" and inorpdisp<Tsed|»arllcles. If the gel isallonctl to 
stand at 4“ it o\enlu.dl> Ixt-omes disperM*<i. but it was thought that this 
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(illuT Imiid Uie Sovog pjoooss* \\1ip» jispiI in tin* \v;iy dpscnbod produces a 
Tuarkcd fraclioualiou. Tahiti I shows, however, that this physical frac- 
tioualiou is nol accompanied by any significant changes of the base com- 
position (»f the products. The analysis of the DN\ was performed using 
the method of Wyatt.’ This is of interest as Cltargaff*** found that by ex- 
tracting the Sevag precipitate with salt solutions of increasing strength it 
w as possible to effect a chemical fractionation of DN A., the earliest fractions 
extracted being relatively rich in guanine and cytosine. Butler and Lucy\“ 
also found that sucli a fractionation can also be performed by successive 
extractions with a constant concentration of sodium chloride (0.6 JV). This 
XI as not accompanied by any great degree of physical fractionation. It 
appears that the extraction xvith sodium chloride at a concentration ns liigh 
as 2 M carried out here brings about the solution of a wide range of chemical 
fractions, but there is still a fraction with high sedimentation constants 
xvliich cannot be removed from the Sevag precipitate. 

The experiments carried out on the nucleoprotcin gels indicate tliat the 
dispersion of the gel islands is not a simple process of dissolution but involves 
some measure of degradation of the DNA. This may well be an enzyme 
process, probably brought about by tissue deoxyribonucleases. Analysis of 
the DNA prepared from the nucleoprotcin gel and from tlic dispersed ma- 
terial originally present (see Table I) shoxxslhat they do not differ sig- 
nificantly in base composition. 


SUMMARY 

(/) By sedimentation at low ronccnlration, DNA fractions can be ol>- 
tainexl which have appreciably dKTercnl average sc<limcnlallon cocfRcienUi. 

(2) The sodium dodccyl sulfate method of preparation gives a DNA wiili 
a similar distribution of sedimentation coefficients to that of the original 
nucleoprotein. With the Sevag procedure on the other hand a marked frac- 
tionation occurs, the material extracted by salt having appreciably lower 
sedimentation cocfiicicnls than the material tlml is not extracted. 

(3) Nucleoprotein gels have been shoxvn to contain both dispersed par- 
ticles and a gel phase. Tlic DNA of the dispersed material has a loxxcr 
range of sedimentation coefficients than that present in the gel phase. The 
dispersion of the gel phase that occurs on standing is nreompanieil by a 
degradation .of the DNA. 

(1) Ity wilimentalion at low concentration. DNA fractioiin can lx* ohtainn! wltich 
optirccintiljr dilTerent overage itodimcntAtioii corlTiuenU. 

(2) Tile oodium dodecyl sulfate metltod of prrpnrotion n DNA with a similar 
distribution of sedimentation coefTicicnts to that of the original nucleoprotein. t\1th 
the Sevsp proceilure on the other han<l o marked fractionation occurs, the mnleriol 
extracted by salt having appreciably lower se<{immtatH>n meflicienLs than tbe mnterinl 
that »s not extracted. 

(3) Nucleoprotein pels have Ixrn shown to eontnin Iwith disperse*! jtnrlicles and n 
rrl phase, 'flie DNA of the disperse,! mnterinl has a lower ronire of mslimnilalton 
roenirients than that present In the prrl phase. Tt»<* dispersion of the pel phase ibnt 
rxnirs on standinit Is aerompanieil liy a ilecradalion ||m» DN 



The deoxyribonucleic acid of the membrane frac- 
tion may be associated with some of the emal) sphcn- 
cal granules that can be seen attached to the surfaces 
of the cytoplasmic membranes after disruption by 
osmotic shock. We have found that treatment at 
30* for 60 min. with 1 per cent aqueous sodium 
ethylenediamine tetra«acetate (pH 7) digests these 
bo^es, at the same time solubilizing the deoxy- 
ribonucleic acid and -some of the protein. Tracer 
studies were then performed os before with whole 
cells, but with the addition of this further fractiona- 
tion procedure. The proteins from the resulting three 
fractions (membrane, cytoplasm, and ‘deoxyribo- 
nucleic aeid-protem’) were then assayed, the results 
being shown in Fig. 2. 

These results therefore show that the initial 
observable incorporation of [l-**C].glyclne into pro- 
teins occurs in this case in tlie cytoplasmic membrane. 
On the other hand, the protein associated with the 
deoxyribonucleic acid has the lowest specific radio- 
activity of the three fractions at all but the shortest 
periods of incubation, and even then is below the 
level foimd in the membrane fractions. 


We thank Dr. K. V. Shooter for theultracentnfiifil 
analysis referred to, and Mr. B. Goodsall for liis skiiy 
technical assistance. 

This investigation has been supported by grants ta 
the Chester Beatty Research Imtitute (Insfiiute of 
Cancer Research : Royal Cancer Hospital} from the 
British Empire Cancer Campaign, tbs Jane Coffin 
Childs Memorial Fund for Medical Research, the 
Anna Fuller Fund, and the National Cancer Inititut« 
of the Notional Institutes of Health. U.8. Puhk 
Health Service. 
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A. -R. Ceathoes 
J. A. V. Berm 
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Sites of the Incorporation of an Amino- 
acid into Proteins of Bacillus megaterium 

When the digestion of B. megaterium is carried 
out with lysozyme in suitable media of hi^ osmotic 
pressure, the rod-shaped cells are converted into 
from one to four spherical protoplasts'. It has been 
shown by McQuillen that these protoplasts are capable 
of growing and dividing, and of effecting the synthesis 
of protein, nucleic aci^, and adaptive enzymes*. If 
the medium in which the protoplasts are suspended 
18 diluted, the cytoplasmic membranes surroundmg 
the protoplasts burst and much of the oytoplasmio 
constituents is liberated into the medium*. This 
hberated cytoplasm contains no particles equivalent 
to the mammahan microsomes, ultracentrifugal 
analysis having shown that not more than 10 per cent 
of the material has a TnAxiTniiTn molecular weight of 



being of much lower molecular 


j ■ • B i ■ ■ n I ■ ' 

lor the study of protein sj’nthosis in short 
wj^tntrtvals M it U possible to stop the proccM by 
®n to ice, thereby timulioneously coohng 
®'*^iag the cells mth the consequent diitruplion 
01 the ttructuro. Ihotoplairt* were preparc^l 

Irota whaU cells by aerobic Incubation at 30* with 
ywitne 10-2 mgm./ml.) in a glucose/ammonia/salu 
“Wnim containing O-B Jlf sodium citrate and I per 


cent casein digest. When the conversion was com- 
plete, the protopla&ts were harvested and resuspended 
in an inorganic salts medium contammg 1 per cent 
glucose and 0*5 Af potassium dihydrogen phosphate, 
After aerobic incubation for a further 1 hr. 
[l-**C]-gl 3 ^ine was mtroduced, the incubation con- 
tinued, and samples removed and poured on to ice 
after various intervals. The membrane fraction from 
the burst cells was sedimented and the protein precip- 
itated with trichloroacetic acid from the sediments and 
from the supernatant cytoplasmic fraction. Lipids 
and nucleic acids were removed by the usual washing 
procedure, and the radioactivity of the acetone-dried 
protein fr^ion was measured. The results (see 
Fig. 1) show that in abort periods of incubation the 
membrane fraction incorporates radioactivity to a 
greater extent, though afterwards the cytoplasmic 
fraction becomes more highly labelled. 

The difficulty of preparing large quantities of 
protoplasts capable always of incorporating the 
amino-aetda into protein at measurable rates caused 
us to oonsider a modification of the above procedure. 
It was then found that similar results co.uld be 
obtained by reversing the order of the incorporation 
and lysozyme digestion stages. In this caee whole 
cells were incubated aerobically in the usual growth 
medium (glucose/ammonia/salts, pH 7), to which the 
radioactive ammo-acid was added and samples taken 
as before. After sedimentation, the chilled whole 
cells were resuspended in water and lysozyme added 
to digest the cell wall at 0*. In this way lysozyme 
and ^e lees radioactive cell wall ‘proteins’ did reduce 
somewhat the radioactivity observed m the oyto. 
plasmio fraction, but the results were qualitatively 
eunilar to those observed with protoplasts. 
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THE PHYSICAL CHEMISTRY OF 

deoxyribosenucleic acid 

K. V. Shooter 

I.' ISTRODTTOnON 

Several reviews (Jordan, 1051; Chakoait and Davidso}?, 1955; 
Davison €( a?., 1954; Zamenhop, 1956; Allpbey et aL, 1955; Botleb 
and Davison, in press) dealing 4Yith the chemistiy of deoxyribonucleic 
acid (DNA) have appeared in the last few years. The recent elucidation 
of the structure of the molecule has however opened up new fields for 
investigation. In this article, in addition to reviewing the recent work 
on the phyaical chemistry of DNA, an attempt has been made to 
co-ordinate some of the earlier work in terras oi the molecular structure. 

^Vhen dealing with highly poijrmeric materials of biological origin, 
it is of groat importance to be able to determine the extent of the 
damage or degradation which is produced by the methods of prepara- 
tion. In the case of DNA the work on the transforming principle has 
provided an extremely valuable yardstick in this respect (cf. the review 
by Zamennof, 1056). It has been shown that the.f"^ most'commonly 
used methods of isolating DNA from the nucleoprotein complex, 
treatment with amyl alcohol and chloroform (Sevao et dl., 1938; 
Gulland eial., 1047a: McCarty and Avery, 1946) and treatment with 
detergent (Kay ei ah, 1052; Zamlnuof ct oJ., 1963), do not destroy 
the biological activity of transforming DNA. It seems probable there- 
fore that DNA prepared from other sources using these methods can 
be assumed to be biologically intact. Further work has shown that the 
biological activity of transforming DNA can be destroyed in many 
ways, e.g. by short exposure” to the action of deoxyribonuclease 
(Avery et ah, 1944), exposure to ultraviolet light (Zamenhof el at, 
1964b), drying (Avery et at., 1044), removal of salt from the solution 
(Avery et ah, 1944), by change of pH, or by heating (Zamenhof et ai., 
19S3; Avery e/. al., 1944). In the majority of cases it has also been 
found that the loss of activity is associated with measurable, irrever- 
sible changes in the physicochemical properties of the DNA. -tro® 
experiments of this nature the criteria by which the extent of degr^ a 
tion and denaturation of a ^ven sample of DNA can be characteriz 
are being evolved. The results of these experiments and the corre a ion 
of the observed physicochemical changes with changes in the struc ure 
of the molecules are discussed later in this review. 
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Molecular Weights and Physical Properties 
of Deoxyribonucleic Acid 

Ih the moosuromonta of the tnoloeulnr iroighfc from 
light Bcattoring and of other phyaicol propertiea of 
deoxyribonucleic acid, on extraordinary variety of 
resoHs has been obtained', oven wth sampfos pro. 
jared from a single source, namely, calf thymus. 
To some extent this might bo accounted for as a 
result of fractionation of the materia] resulting from 
Its phj'aical heterogeneity, -which has boon domon- 
etroted by Shootor and Butler*, and by Sohochman 
el el.*. It may also arise from small amounts of pro* 
tein impurity, which have been shown* to affect the 
physical j^oporties to a marked extent. In order to 


solutions of calf thymus deoxyribonucleic acid treated 
in various waj-s. It has boon found that centrifuging 
as a means of clarifying the solutions is mado much 

more effective ‘-v 

to0‘04perce] . f • •• 

Ingfop iShr. . 

“^o ddTerence must be due to tho greater viscosity of 
the stronger solution. The light-scattering molecular 
^‘ght, especially of the more turbid samples, is 
^rkedly reduced by centrifuging in this way at the 
l^T concentration, without any great ch^ge of 
®dlw the intrinsic viscosity or of tho sedimentation 
cwfflcienlB. This must mean that the component 
to high turbidities in the unclanfied 
*'"’*"*' ’ ' • ' • > vis- 

. . high 

e to 

• • • / tho 

’ ■ *■ . m a 

■ —.A* ui,4Mk,uii aau iuuiecuiar weignt * x 10* 
reduced the light scattering to 20 per cent of ita 
original -value; while on a turbid solution (/SS), 
an apparent molecular weight of 17 x 10», 
tw light scattering value was reduced by only 
40 1^ cent, that U, to 10 x 10*. 
ihe results obtained -with a number of prepfuationa 
treated in this way now agree very well with 
other in moat casee (Table 2), and m tho ex. 
it has been shown that the high value 


™^***^*^ ® than that determined from the intrinsic 

''^eaity and mean sedimentation coefficient by the 


T»Wa I. EmcT or CtsTtarvoiKO Deoxrxreospctwc .tcio Scio- 
TtORS TOR 18 HR. *T 20.000? AT DimBKIT COXcr’riR.iTIO.XS 


finteplB 

Coceen. 
trstlDfl 
(eer ctDt) 

y/eld ofdeoxjrJto* 
Duclrle srJd 
is (QpernslBot 

J/t X 10* 

('ll 

s. 


0 1 


>20 


2“ 


oot 

60 

S 0 






12 2 

SI 

25 


0 0« 

SI 


31 

23 


laWe 2. PiTTMtui CMiWAiTTs or bS'isruiBosPcLeic Acid Solc- 
TICKS itTW Cttrsirpaisa Ton 18 hr it 20 ,ooo? it o ei pbh (ztt 


Specimen of deoxr- 
rltMODcJelo acid 

Mz X JO* 

Is) 


X ID* 

SIC 



27 

10 

S3 



25 

8-5 

ss 


93 4 

2S 

10 8 

40 


SO 

22 

OO 

94 


Si 


SO 

S8 

17 

47 

23 

05 


equation of Mandelkem t( of.*. The cause of this 
discrepancy may be (1 ) foiluro of the light scattering 
theory when applied to very long rods ; (2) the effect 
of the heterogeneity on tlio calculation from the 
intrinsic viscosity and sedimentation. These posai* 
bdities require further study. 

Wa are indebted to Mr, E. W. Jolina for the prepara- 
tion of the samples. Tho work has been supported 
by grants to the Chester Beatty Besearoh Institute 
(Institute of Cencer Research : Royal Cancer 
Bospita!) from the British Empire Cancer Campaign, 
tho Jane Coffin Oiilds Memorial Fund for Medical 
Besearoh, the Anna Fuller Fund and the Rational 
Cancer Institute of the National Institutes of Health, 
IT.S. Public Health Service. 

J. A. V. Botleb 
D. J. B. LimiKNCE 
A. B. BoBnrs 

K. V. Shoqtea 

Chreter Beatty Beeearch Institute, 

Ixindon, 8.W.3. 

Oct. 1. 
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provides an explanation for the results obtained by Ciiaroaff et al 
Further support for this typo of structuro was provided by the titration 
studies of Gulland, Jordan, and Taylor (1047) and of Cosgrove and 
Jordan (1940) who had sliomi that there was a marked h^-stcresis 
between the fonvard titration curve from pH 7 and the back titration 
curvo from acid or alkaline pH. This difference in the titration curves 
was attributed to a non-random form of hydrogen bonding between 
the titratablo groups of the bases. In terms of the Watson and Crick 
model it is now proposed (Jordan, 1951) that the hydrogen bonds 
between the bases begin to break when the pH is raised above 11 or 
lowered below 5 resulting in an irreversible breakdown of the structure 
and a liberation of the groups which normally would titrate in the pH 
rang© 1^11. Oneo the structuro has been destroyed, hydrogen bonding 
occurs at random and tho titration curves become reversible. 

Detailed analysis of tho diffraction pictures (I^unklin and Gosuno, 
1953a, b; Wilkins et «/., 1053b; Franklin and Goslino, 1053, 

1966; FEUanELMANCtah, 1955) has corroborated tho essential features 

of tho model proposed by Watson and Criok tliough some modification 
of tho dimensions of tho molecule was found to be necessary. (For 
general reviews see Jordan (1951) and Cabusle and Bernal, 1055,) 
Tlie dimensions and characteristics of the two main forms can be 
summarized as follows. In tho crystalline A form the two polynucleo- 
tide chains form helices 28 A in diameter spaced 14 A apart along the 
helix axis. Tho pitch of tho hoUx is 28*1 A and there are eleven nucleo- 
tides on each chain per complete turn. The pairs of bases form a rod 
inclined at an angle of G5^ to tho axis of tho helix. In the B form of the 
molecule the pitch of the helix increases to 33’1 A and there are ten 
nucleotides on each chain per complete turn. Tho pairs of bases form 
rods passing through and lying perpendicular to the axis of the helix. 

The analysis of tho density of DNA in the A form together with the 
estimates of tho size of tho unit ceU have confirmed that the 
structure contains two polynucleotide chains. Correspontog calcula- 
tions for tho B form suggest a three- rather than a two-chain structure. 
It seems unlikely however that a rovorsiblo change between a 
and a two-chain structure would occur so that it must bo cone u e 
that the B form contains somo units possessing a more compac 
structure than the rest. Calculations of the Fourier transform ave 
corroborated that the B form is a twin chain molecule (FeboRELMAN 
et al., 1956). It must bo emphasized that the measurement o e 
intensity of the background scattering has shown that only 5^ ^ 

cent of the DNA exists in a crystalline structure. It may also be no 
that recent estimates of the ratios of the two pairs of bases are 
exactly equal to unity (Luoy and Butler, 1954) though this may 
in part duo to experimental errora. 
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II. The STRUCTtiRE of the JIolecuee 

X-ray diffraction experiments using filaments drawn from concen- 
trated solutions have showm that DNA can exist in three main forms 
{Franklin and Gosling, lD53a,b). At 75 per cent relative humidity it 
possesses a highly crystalline, stable structure (A). At higher humidities 
it is paracr 3 ^talline (structure B). At lower humidities the structure 
becomes disordered. The changes in structure involved are reversible, 
the interconversion of the three forms being achieved by varying the 
humidity. Since in the B form each molecule is surrounded by a sheath 
of water molecules and is hence relatively free from^ the interactions of 
its neighbours, it is this form which approximates most closely to the 
structure of the molecule in solution. 

In 1952, Furberq (1052) proposed that DNA existed in the form of 
single strand helixes with the bases stacked on top of and parallel to 
each other, 3-4 A apart. AstburI' (1947) had suggested earlier that 
the observed 3*4 A spacing represented the distance between the bases. 
This single strand structure does not however account very well for the 
stability of the helix at high humidities. Paulino and Corey (1953) 
proposed a three strand helical model in which the phosphate groups 
formed the central core. The work of Franklin and Gosuno (1953a) 
on the A and B forms of DNA has however shown that the phosphate 
groups aro accessible to water and must therefore be on the outside 
of any proposed structure.^ Wilkins €t al. (1953a,b) and F^ianklin 
and Gosling (1953a, b) have analysed the diffraction patterns and have 
confirmed that the molecules exist in a helical configuration. It was 
also shown that the same diffraction pattern was obtained with 
preparations of DNA from a very wide variety of sources (Wilkins 
el al., lD63a,b). Similar patterns were observed for nucicoprotamino, 
nuclooprotcin, dried sperm, and centrifuged T2 bactcriophago (Wilkins 
el al., 1953a), indicating that no major change in stnicturo is associated 
wth the removal of protein during the, preparation of the DNA. 
Further evidence of a degree of uniformity between samples of DNA 
from many different sources was obtained by Charoafp and his 
colleagues (1955, 1053) who found that although tho relative propor- 
tions of tho purines to tho p}'riniidine3 diffored widely tho ratio of tho 
amounts of ndenino to thymine and of guanine to cytosine wore close 
to unity. On the basis of this evidence Watson and Crick (1053, 
1054) proposed a structuro for the DNA molecule involving two 
pol^mucleotide chains wth the phosphate groups on tho outside and 
the bases pointing inwarrls. Analj*aU of the po&slblo wa^-s of pairing 
tho bases showed that hi'drogen bonding between ndenino and thjTnino 
and between guanine and cj-tosino would give a regular arrangement 
with a constant diameter of tho hcILx of 20 A. The structuro thus 
3U 
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more is knoTtn about tho ahapo of tho particle and the degree of 
hctoropneity of tho preparations these results must bo considered as 
tentative but tho molecular weights calculated for calf thymus DNA 
G-12 X 10®, arc of tho same order of magnitude as those determined 
using other methods. 

Most of tho recent estimates of tijo molecular weight have been' 
obtained from h‘ght scattering experiments. Tho results and the 



Fig. 1. Comparuon of the moleculer weight and radiua ofgjTationofdtffereat 
aaniplea of DXA. 

X — Data taken from Su>Roy (I95S). 

O — Data taken from Browx rt al. (1955). 


techniques and theoiy inxolvod in these experiments have been 
described by Stacey (1956). Sadron (1055) has reviewed some of the 
results obtained and bos listed the molecular weights of fifteen samples 
of calf thymus DNA ranging from 1*9-16'6 x 10*. Doty (1955) has 
reported that of fifty preparations of calf thymus DNA investigated in 
his laboratory, apart from some early specimens, e.g. DNA prepared 
by the method of Sevao and Gollaed ei ah, for which J/ = 3-5 X I0^» 
the majority of the results fall in tho narrow range M = 6'8-7'7 X 10 . 
Preparations of DNA from other sources have been examined in the 
latter laboratory and have been found to have molecular weights close 
to 6 X 10* (e.g. DNA from pneumococcus ilf = 7*7 X 10*; DN 
from chicken erythrocytes M = 4-2 x 10*>. Rowen and Norm^ 
(1954) have also reported that for DNA from E. colt M —1 
From electron and deuteron bombardment studies Fluke et al. ( -) 
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III. Size and Siiape of DNA Molecules in Solution 

Early estimates of the molecular weight of DNA preparations were 
based on the combination of diffusion and sedimentation data obtained 
in the concentration range I‘0-0-02 per cent (Jordan, 1951). These 
results are to some extent suspect since the sedimentation coefficient 
increases rapidly as the concentration is lowered and extrapolation to 
inBnite dilution is difficult. The recent introduction of a centrifuge cell 
that holds a 3 cm column of solution has made it possible to measure 
sedimentation rates using the Pliilpot-Svensson optical system, at 
concentrations down to 0*005 per cent. It may be noted that at this 
low concentration the sedimenting boundary shows an appreciable 
degree of spreading (Oin. 1955). Further improvement has been 
obtained by the uso of an ultraviolet light absorption optical system 
with which racasutements can be made down to 0*001 per cent (Shooter 
ei aly 1055, 1956a, Schumaker et al., 1957). For calf thymus DNA, 
measurements at these low concentrations can bo used to obtain fairly 
accurate weight average sedimentation constants at infinite dilution, 
and values in the range 21-29S have been reported (Shooter et ah, 
ICSGa). It has however been found that for some samples of DNA, e.g. 
from the hactoriophage D* of Salmonella cnttrtlidcs, the dependence of 
sedimentation rate on concentration is so marked that even with 
measurements made at these low concentrations an accurate extrapola- 
tion to iniinite dilution is not possible. Measurements at even lower 
concentrations, lO'^-iO-’' g have been made by Goodoall, 
Rupert, and Herriott (1957) for the transforming principle of J^aemo- 
philiis injluenzae using the partition cell method. The relative amounts 
of DNA in the two parts of the cell were determined from transforming 
activity and assays. They found that in this range of concentrations 
5 « 27 ± 2*6. 

So far no extensive work on tho measurement of diffusion coefficients 
at comparable concentrations has been done. James (1951) has des- 
cribed an apparatus which can be used at concentrations at least down 
to 0*001 per cent and has given a preliminary value of of about 
2 X 10~* cm® SDc"' for calf thymus DNA in ^vale^ and in 0*2 M NaCl. 
Combining this value with — 20 x I0~” gives il/ == 5 x JO®. 
Goodoall et al. (1957) have reported a preliminary value of Djo for 
the transforming principle of Ilacjnopkilus injiuenzae, measured by 
tho sintered disc method, of 3 x ID'*- cm* 8ec~®. Combining this irith 
the sedimentation coefficient given above gives J/ « 16 x 10®. In tho 
absence of suitable diffusion data molecular weights have been esti- 
mated from sedimentation and viscosity data using the equation of 
Mandelkern et al. (10S2) assuming tho DNA particle to bo a statistical 
coil (Peacocke and Scuacuman, 195i; Shooter et ah, 1050). Until 
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paramotor termed the poraistencc length. The e.’ttension of this theory 
to deal with a hotorogenoous system has not yet been achieved. It is 
clear that in order to resolve these ambiguities in the interpretation 
of the light scattering data independent measurements of the degree 
of heterogeneity of DNA aro required. 


IV. Tub Heterooeneity of DNA 


Dotorminntions of tho degree of heterogeneity have been made from 
studies of the sizes of tho individual molecules in electron microscope 
photographs and from investigationsof tho sod/mentation characteristics 
of DNA solutions at low concentrations. Photogrophs taken by 
Bayley (1951) showed the DNA molecules as a polydisperse system 
of spheres with an average molecular weight of about 10®. More 
recently pliotographs have been obtained showing the molecules as 
filaments (Scott, 1948; Schuster et al., 1056) and from length 
moasuromonts it has been estimated by Williams tliat MJM„ » 1*6. 
A typical eioctron microscope photograph of DNA is shown in Fig* 2. 
It may bo noted tliat tlie filaments aro slightly kinked or bent suggesting 
that tho partiejo has aomo dogroo of flexibility. 

Sedimentation o.xporimonts in tho concentration range O’Ol-OOOl 
have sliown that tho boundary c.xhibits a marked degree of spreading 
(Shooter ct oh, 1956a). Calculations oftho curve sho^ring the distribu* 
tion of sedimentation cooflicionts indicated that the distribution did 


not change with time as sodlmontation progressed and therefore that 
spreading duo to difltision or convection was negligible. Further 
demonstration of tho stability of sodimonting boundaries ot those low 
concentrations was obtained from a study of solutions of turnip 
yellow mosaic virus. Fire moasurowents at concentrations between 
0-3 per cent and 0*002 per cent gave tho sediraentotion coofiicient as 
114 ± 3S. Tho error is only very slightly greater ( j per cent) than the 
random error observed, when using tho Spinco ultracentrifuge for 
repeated measurements at tho samo concentration. Since the virus 
molecule is approximately spherical in shape those results demonstrato 
that tho stability of tho sedimenting DNA boundaries at low concen- 
trations is not associated rvith tho fibfUlar shape of tho DNA luolccu e. 

Curves showing the distribution of sedimentation constants at 
infinite dilution have been obtained by extrapolation using the metho 
of Oth and Desreux (J964). Fig, 3 shows the results obtained for five 
different preparations of DNA from calf thymus. Tho curves 
figure are tho integral distribution curves, tho weight fraction of 
with any specific sedimentation constant being equal to the 
tho curve at that point. It is clear from these curves that 
exhibits a marked sedimentation heterogeneity and also that sigmfican 
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have calculated that for the DNA of pneumococcus txansforming 
principle iiZ = 6 X 10®. It has been suggested that DNA from all 
sources may have a molecular -weight close to 6 x 10® but this sugges- 
tion seems a little premature in view of the much higher values reported 
by Sadron (1965) and Shooter et at. (1956) for caU thymus DNA and 
by Goodoall et al. (1957) for transforming principle of Haemophilus 
injluenzae. Other high values have been reported by Brown, 51’Ewen, 
and Pratt (1955) for DNA from E. coti (3/ — 9*1 x 10®) and from 
avian tubercle bacillus (3/ — 13-5~H*4 x 10*). A preliminary calcu- 
lation of the molecular weight from sedimentation and viscosity data 
for DNA from bacteriophage D< of Salmonella enieritidea has given 
if = 26 X 10* (Barbu ci al., in press). 

A comparison of the properties of different preparations of DNA 
can be obtained from a plot of the molecular weight against the radius 
of gyration of the molecule (Sadron, 1955). Both of these quantities 
can be obtained unambiguously from light scattering data. As is shown 
in Fig. 1 the majority of the results ialj in a somewhat broad band 
suggesting the existence of some uniform relationship between the size 
and the shape of the particles. Several preparations, however, differ 
markedly from the rest being apparently more compact for their size 
than the others. No complete explanation for these differences has 
yet been produced, although PotnnsT el al. (1967) have suggested 
tentatively that the shape of the particles may be influenced by the 
use of salt or alcohol during preparation. 

Information about the shape of molecules can in theory be obtained 
from light scattering experiments but in the case of DNA the interpre- 
tation of the data for the angular distribution of the scattered light is 
difBcult. Different authors have suggested that the particles are rigid 
rods (OsTEB, 1950), statistical coils (Surm and Sheffer, 1950), stiff 
coils (Smith and Sheffer, 1950; Rowen ei al., 1953; Rowen, 1963; 
Peterun, 1953a; Reichmann etal., 1954), or branched coils (Doty and 
Bonce, 1952), The more recent data appear to preclude the possibility 
that the particles are rigid rods and no other e-ridenco in favour of a 
branched chain molecule has been reported. Reichsian et al. (1954) 
have shown that the difference between the observed results and those 
calculated for a random distribution of statistical coils can be explained 
either (a) by assuming that the particles aro statistical coils with a 
degree of heterogeneity characterized by =s D or (5) il it is 

assumed that = 2 then it can be calculated that about half 

the particles are too stiff to fold Into the shape of statistical coUs. 
Attempts have been made to deal theoretically with this problem 
of the stiff coil and Peteblin (1953a,b) has developed a theorj' 
for a homogeneous system of long chain molecules in which the 
shape of the molecule is related to the stiffness of the chain by a 
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differences exist between different preparations. The obserred hetero^ 
geneity appears to rule out the possibility that the DNA particles 
exist in solution as rigid rods of uniform diameter since Peacocke and 
ScHACHMAN (1954) havc shown that for such a system, variations in 
the length of the particles have very little 'effect on the sedimentation 
constant. The particles roust therefore exist in some bent or coiled 
form or as parallel aggregates of rigid rods of differing diameter. The 
evidence from light scattering studies appears to favour the former. 
The possibility that aggregation of some form may contribute to the 
observed heterogeneity or may be responsible for the variations 
observed between different preparations cannot be overlooked. Experi- 
ments have shown that t}je addition of chelating agents to solutions 



Fig. 3. Sedun«ntation constant distribution curves for di/Terent samples of csif 
thymus DNA in 0 2 if NaCl extrapolated to infinite dilution. 

of DNA do not affect the sedimentation coefficient distribution curves 
(Shooter et al., 1956a). This suggests that aggregation due to the pre- 
sence of polyvalent raetal ions does not occur. Further support for 
this conclusion was obtained by Butler €t oh ( 1 954) from measurements 
of the viscosity of DNA solutions in ihe presence of many different 
cations. These authors showed that the observed reduction in viscosity 
on the addition of a variety of salts could be attributed solely to the 
change of the ionic stren^h of the solutions. The possibihty that 
aggregation might occur through hydrogen bonding has been investi- 
gated by adding to solutions of DNA large concentrations of urea. 
The results obtained indicate either that urea has no effect (Doty an 
Rice, 1955; Alexander and Stacey, 1965a) or that it separates the 
twin strands of the helix (see later) (Amxander and Stacey, 1955a, , 

1957; Conway, 1956; Pain, 1956); in neither case has any evidence 
of the breakdown of aggregates of the twin strand complex een 
observed. These experiments therefore suggest that aggregation o 
particles through hydrogen boning does not occur. ^ . 

It is known that preparations of DNA in general contam sma 
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lB56b, 1057). This suggests that any aggregates present in 
preparations also occur in the nucleoprotein. Preparations of DNA 
using tho chloroform doproteinization method on the other band, n-ere 
found to give a DNA with a markedly different distribution from that 
obser^'cd in the parent nucleoprotein (Fig. 6) suggesting that this 
method removes protein more efficiently than the detergent method. 
Since, however, these preparations have been shown to contain 
aggregates cross-linked by residual protein (Butler el al., in press) it 
would appear that this method of preparation fractionates the DNA 
much of the material of high sedimentation coeflicients being lost in 
tho denatured protein precipitate. It seems likely that the presence 
of varying amounts of these high molecular weight aggregates in 



Fig. 6. Sodmient«((00 eoeBicieot diatributha curve* fbr eslf tbyTO\ig PNA. 

— nuefeoprotflin Aui2SM Nad. 

- - DNA prepared from A by detergent method r in 0-3 M NaCL 

DNA prepared from A by Sevag method : in 0-3 M NaCl. 


different preparations may bo responsible for some of the variations 
of molecular weight observed in light scattering experiments. It 'o 
of particular interest to note that the high molecular weights of some 
of the samples of DNA reported by Sadfon (1955) do not appear to 
be duo to the presence of protein linked aggregates since it was found 
that the distribution of sedimentation coefficients of one of thwe 
preparations, CF6, was not affected by the addition of chymotOT®®' 
The results of the sedimentation, light scattering and electron 
microscopy experiments suggest that DNA exists in solotion as a 
heterogeneous system of bent or coiled molecules. The next problem 
is to determine whether the observed heterogeneity is due to variations 
in tho size or the shape of the molecules. Electron microscope poo 
graphs clearly indicate that variations in the size of the particles 
If the heterogeneity were to any great extent due to variations in^ _e 
shape of the particles (e.g. the smaller particles approximating 
rods and the larger to flexible coils), altering the shape 
by changing the solvent or degrading the molecules should ance 
shape of the sedimentation heterogeneity distribution and change 
relationship between S or and M. Sedimentation experiments us 
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amounts of residual protein (< 1 per cent) (Kay et al., 1952). It was 
found (Shooter, 1957; Butler ei ah, in press) that when chymo- 
trypsin was added to a solution of a DNA containing 0*7 per cent of 
residual protein; a marked change in the sedimentation coefficient 
distribution curve occurred (Fig. 4). This change was attributed to 
the breakdown of particles crossdinked by protein. In the example 
illustrated the proportion of aggregated DNA was found to be 26 per 



S30,W 

Fig. 4. Soduncntatioa coelRcient distnbution curves showing the effect of 
adding chjTOolrjTnin to a sample of calf thymus DNA containing 0 8 per cent 
residual protein. Upper figure, integral curves. Lowerfigure.normaldistnbu* 
tioa curves; the area of the shaded portion is equal to tho fraction of DNA 
originally present os protein linked aggregates. 

cent. Further experiments have shown that tho amount of tho DNA 
^BgregAted decreased as the amount of residual protoin decreased. B}’ 
increasing tho number of stages in which tho DNA was treated with 
dolcrgent, it was found possible to reduce tho amount of residual 
protein to loss than 0- 1 per cent and with these preparations no evidence 
of aggregation was oh8er\'ed. Tho elimination of these protein linked 
®B5^6£itea considerably reduced tho variations observ'ed between 
(lifTeront preparations of DNA from tho same source. Even after 
treatment with chj'motrj'psin, however, tho preparations showed a 
marked sedimentation heterogeneity. Annl^-sKS of the residual protein 
has shown that it is not a liistono nor is it derived from connective 
tissue (BcTLEn ri oh, in press). Whether or not it is a component of the 
nucleoprotoin complex is not yet known. Expenments have shown 
that the distrihulion of so<lmicntntion coefficients of tho DNA in tho 
nucleoprotoin complex is similar to that ob'iers'ed for tho DNA pre* 
pared from it u.sing the detergent mcthoil (Siiooteu and Bctleu, 
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that the proportionality constant k in tho equation 5 = is 
dopondcnt on tho dogreo of polydispersity (DoTr, 1057). 

V. The Flexidilitv op the DNA Molecule 
Tlio results of tho physical measurements described in the previous 
sections suggest that DNA molecules in solution are coiled but the 
dogreo of flexibih’ty of tho particles cannot ho unambiguously deter- 
mined Until a more precise measure of tho heterogeneity is available. 
Tho stiffness of DNA in comparison TvjtJi otljer polymer molecules 
can bo oxomplificd by calculating from tho Hght scattering data the 
ratio of tho mass of tho molecule to the volumo it occupies assuming 
that it fa a statistical coif. In effect this is equivalent to calculating 
tho concentration of polymer at which free rotation of the molecules 
becomes possible. For mcthaciy’Uc acid this concentration is 0-3 per 
cent, for cclluloso derivatives about 0*07 per cent and for DNA about 
0*003 por cent. These figures clearly indicate that tho DNA molecules 
have a high modulus of elasticity os might bo expected from their 
twin strand structuro. 

Attempts have boon made to assess tho flexibility of tho DNA 
moicculo from measurements of tho dimensions of the particle in water 
and in salt solutions. By analogy with tho behaviour of other poly* 
eloctroJj’tes, it might bo expected that the reduction in the electro- 
static repulsion between tho phosphato groups of DXA on the addition 
of salt to a solution in water would lead to a general contraction of tho 
molecule. JRowen c/ al (i953) and Geipuscjiek (1051) found that 
tho radius of gyration of tho particles measured by light scattering 
was about 60 per cent Jess in salt solution than in water. Similar 
measurements have been made by Alexaxber and Stacey (1955b) 
but these authors report that it was not possible to make measurements 
at sufficiently low concentrations in water for the dimensions 
particle to bo estabh'shod with any degree of certainty'. They m , 
how'ever, observe a small decrease in tho radius of gyration on increasi^ 
tho salt concentration from 0*2 M to O-OM, indicatiTO of a limit 
degree of flexibility. The addition of salt to moderately concentra e 
solutions of DNA in w'ater has been found to reduce tho viscosi y 
considerably and to a largo extent to eliminate the non-Newtoman 
viscosity. This effect was at first attributed (Jokdan,^ 195 ) o * 
reduction in the asymmetry of tho molecules on tho addition o sa . 
Experiments at low* concentrations (down to 0 001 per cent) an ^ 
low rates of shear have however shown that the intrinsic 
approximately the same in water and salt solutions (Pcuyet, -• 

Conway and Butler, 1064). These results indicate that the mo ecu 

possess a high degree of rigidity. Conway and ^ . 

suggested that the high viscosity of DNA in water is predomma 
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a scries of solutions of DNA degraded to dilToront extents by the action 
of dooxyribonucleaso havo shown that the degradation is associated 
with a progressive movement of the distribution curve to lower values 
of sedimentation coefficients hut tho shape of the distribution curve is 
not affected (Shooter, unpublished) (Fig. 0). Geiddsciiek (19S0) has 
shown that in alcohol solutions DNA has a much higher sedimentation 
rate than in salt solution, suggesting that tho configuration of tho par- 
ticles is much more compact. Shooter (unpublished) has found that 



Fig 6 (a). Sedimentntion coefllci^nt distnbulion curves of calf thymua DNA 
at diiTercnt times after the addition of deoxyribonuclease. Full line Ohr, 
^2hr,#5hr, 023 hr, x 96hr. (b}Comparisonoftho8hape8ofthedistribu> 
tion curves. Full line as m (o). The abscissae of the other curves have been 
multiplied by (5 average)o hr/(S. «Ter«Be>, br Symbols as m (a). 

this change in the shape of tho moIccuMs docs not affect tho shape of 
tho distribution curve. Doty (1957) has recently reported that for 
a series of degraded samples of DNA, in the molecular weight range 
A X 10* to 3 X and This evidence therefore 

strongly suggests that the observed heterogeneity is due to variations 
in the molecular weight of the particles but this cannot be regarded as 
completely proved in view of the results reported by Sadkon (1955) 
which were discussed above. 

Although the relationship between S and M has been obtained it is 
not possible to transpose the distribution of g (weight fraction of DNA) 
against S to distributions of g against M, since it can bo shown that the 
average value of M calculated from tho distribution g = f{s) and 
g' = /(s») = f[M) will only be tho same if a is unity. It would appear 
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Peterlin (1954) and have concluded that the DNA is intermediate 
between a rigid rod and a Btathticid coil. 

In contrast to the results of the experiments described above, 
studies of the variations of the radius of gyration of DNA molecules 
with pH have shown that a roversiblo contraction of 30-50 per cent 
may occur in the pH range 7*0-2*6 (Alexander and Stacey, i955b; 
Reichmann et al.t 1953), It is doubtful though whether this degree of 
flexibility can bo attributed to the intact DNA molecule. The ioniza* 
tion of the bases at lowpH results in the rupturo of the hydrogen bonds 
holding the twin strands together thereby introducing points of con* 
sidorable floxibih'ty within the moloculo (see section on denaturation). 

The work of Geidusciiek (195G) on the sedimentation characteristics 
of DNA dissolved in alcohol also shows that the molecules can be 
deformed to some extent. 


VT. Denaturation 

THO^us (1963) has shown that the extinction coefBcient of PNA at 
the absorption maximum at 200 mp is some 40 per cent less than that 
calculated from the extinction coefficients of individual nucleotides. 
He has also found that mild treatments, e.g. heating, increasing or 
decreasing the pH, and decreasing the concentration of Na"'* ions 
(TirostAS, 1061, 1053, 1954), result in irreversible increases in the 
absorption of DNA solutions at 260 mp. Since these changes ere in 
general not associated with any change in the molecular weight, 
Tiiojias suggested that they should be denoted as “denaturation 
reactions. 

Several hypotheses have been put forward to explain the low 
absorption of solutions of DNA in the region near 260 mp. Tjiomas 
(1053) attributed the effect to dipole interaction between the bases 
lying parallel to and on top of each other. Laland el ol. (1654) 
suggested that the effect was duo to the overlap of tt orbitals of adjacent 
bases. Recently LA\vLEy’ (1956c) has investigated in detail the absorp* 
tion spectrum of normal DNA and of the denatured product ob^ine 
(a) by heating solutions in the presence of salt and (6) by the addition 
of 10-2 N HCI. The results showed that the shape of the absorption 
curve was not affected by heat denaturation but that the extmc ion 
coefficient increased by the same proportion {e.g. 25 per cer^ a er 
treatment at 96°) at all wavelengths in the range 230-300 mp (Jig- I- 
The shape of the absoiption spectrum on acid-denaturation c nge 
in the way that was expected to accompany the addition ^ 

to the basic groups of the purines and pjTimidines, but in w" 
this there was an overall increase in the extinction coefficie 
wavelengths 230-280 mp of about 25 per cent (Fig. 6). R 
possible to divide the changes in absorption into two parts, o 
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duo to electrostatic interaction between tho molecules. Dennturation 
of tho DNA in tho absence of salt (see section on denaturotion) may 
however result in a change in shape of the molecule which might 
obscure changes due to a salt effect.* 

Jfcasurements of flow birefringence by Hor-v ct al. (1052) showed 
that tho behaviour of DNA is analogous to that of a rigid rod molecule 
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^ Considorablo ntipport for th*n proposod mechanism of denaturation 
IS provided by tbo work of Thomas and Ddtv (1950) on the degradation 
of DaA nt pH 2-0. Tbreo renctions wore found to occur flirauUaneously 
[a) cloavago of phosphodiostcr bonds resulting in degradation, (6) 
cloftvngo of glycosidic nitrogen bonds to libonito purines, and (c) the 
cloftvngo of tho b 3 *drogcn bonds. At tbo beginning of the reaction the 
kinetics followed tho courso expected for tho scission of a twin chain 
molecule held togotber At n fen' points separated by regions, corres- 
ponding in length to about 1000 nucleotides, in which tho chains were 
sopornted. After tho moIcc»l/ir weight had fallen to about ono half of 
tho initial value the kinetics of tho roaction corrospondod to tho scission 
of einglo polymer chains. At this stage of tho reaction measurements 
of viscosity and molecular weight showed that indicating that 

tlio single pol^mucleotido chain.4 behave ns impormoablo, fioiible coils 
in contrast to the extended, free draining character of normal DXA 
molecules at pH 7-0. The results suggested that at pH 2'6, the majority 
of tho hydrogen bonds woro broken verj* quickly. Wiotbor tho remain* 
ing junction points woro residual hydrogen bonds or regions of chain 
entanglement could not bo decided. Further ovidcneo of tho flexibility 
ot tho single pol^muclcotido strands has boon provided by the bire* 
fringenco studies of Uons et ai (1952). At pH 3-8 the behaviour of 
DNA w'as found to bo analogous to that ofa floxiblo chain polymersuch 
as poI}'8t}Tono in contrast to tho high dogree of rigidity observed in 
solutions at pH 7 (Fig. 7). It has already been mentioned that electro- 
metric titration data suggest that nt high and low pH tho hydrogen 
bonds holding together tho twin strand structure together are broken 
and that a inoro random structure is formed on roneutralization. 
Gulland €t al. (1047) and more recently Cox and Pbacocke (1956) 
have showTi that tho oloctromotrio titration curves from pH 2-12 and 
from pH 12-2 aro identical, i.o. tho pairs of bases can bo separated 
either by tho addition of protons at low pH or the removal of protons 
at high pH. Tho latter authors (Cox and Peacocks, 1957) haw 
investigated tho eflects of cycles of titration from pH 7 to lower an 
lower pH and have obtained ovidonco ol aprogrossivo breakdown oft e 
ordered structure. . , 

Heat denaturation lias been studied in many laboratories. e 
stability of DNA preparations o.xliibit some wriation, but 
it has been found that up to 70-80* they aro not affected 
(Zameniiof ei al, 1953; Avery H al, 1944; Dorr and 
Cox and Peacocke, 1957; Zameniiof et al, 1054). At higji 
temperatures tho viscosity of tho solutions falls markedly ® 

able reduction in tho radius of gyration of tho particles ^ 
observed. Tho energy of activation is o.xtromoly high (Doty an • 
1955; Lawley, 1950) suggesting that the denaturation pro 
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to chemical changes of the molecule (i.e. titration of the bases) and those 
■which must be due to some irreversible change in tbo structure of the 
molecule which is not associated ■with any chemical change. On the 
basis of these results Lawley has suggested that the low 'absorption 
of DNA is duo to a geometrical effect, the ordered packing of the 
pairs of bases wthin the molecule reducing the total effective absorb- 
ing area of the chromophoric groups. If it is assumed that absorption 
occurs preferentially when the electric vector lies parallel to the planes 
of the bases then, as Commoner (1949) has shown, for a fully ordered 
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Fig. 8 (a), Ultraviolet absorption epectra of calf thymus DNA; (1) m 
0 01 N Na+ phosphate pH 7’2, 20°C; (2) in water 20'’C; (3) as (1) h'^ate(I to 
06'C cooled to 20*C; (4) m 10~* N HCl. (6) Ratio of extinction coofTicients of 
denatured and undenatured DNA: ^1) heat denatured DNA, os (o 3); {2) 
DNA fit pH3, as (a 4); (3) calculated for addition of acid to pll 2. 


structures of this typo a decrease in absorption of 60 per cent is to bo 
expected. The somewhat lower reduction (40 per cent) in tho case of 
DNA may bo duo either to the presence of some disordered structure 
or to tho fact that tho bases are not slacked exactly on top of ono 
another but form a spiral within tho helix. It should bo noted however 
that it has not yet been proved that absorption in purines and pyrimi- 
dines occurs preferentially when tho electric vector lies in tho planes 
of these molecules. On the basis of Iho above hypothesis Law’ley 
has suggested that the process of denaturation involves (a) tho brooking 
of tijo hydrogen bonds between tho pairs of bases and separation of 
sections of tho two polynucleotides chains and (6) a rearrangement of 
tho more flexible single chains to configurations in which llio purine 
and pjTimidino rings arc no longer superposed with a consequent increase 
in the absorption. 
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the salt concentration reduces the temperature at which a decrease in 
viscosity {Zamenhof et ah, 1964) and an increase in are observed 
(Lawley, 196Go). 

It is of great interest to determine to what extent the separation of 
the twin chains of the DNA molecule is reversible. The wscosity 
experiments of Hohn et ah (1952) indicated that irreversible changes 
in the shape of tho molecule occurred at pH 3*8. The birefringence 
experiments of Mathieson and Matty (1957) suggested that 
rcvcrsiblo changes in shape occurred between pH 7 and pH i-5 but that 
at lower pH tho effects were irreversible. Alexander and Stacev 
(lQS-5b, 19571 on the other hand found that tho reduction in the radius 
of gyration of tho particles observed between pH 7-0 and 3*8 was to a 
large extent revoraiblo. The latter authors found that after reducing 
tho pH to 2*G tho radius of gyration on roneutralization only returned 
to about half its original value. Reichmakn, Bunce, and Doty (1953) 
performed similar experiments and observed an almost completely 
revoraiblo change in shapo of the particles after treatment at pH 2-6, In 
these latter experiments however the changes of pH were obtamed by 
dialysis at 4*. Cox and Peacocks (1957) have recently found that 
when a solution of DNA w'as acidified to pH 2*0 and reneutralized el 
4”, on eubsoquont titration at room temperature tho forward titration 
curve differed from tho back titration curve. These results and those of 
Reiciwiann et ah (1953) suggest that at low temperatures the rotation 
of the free single polynucleotide chains is hindered sufficiently for the 
hydrogen bonding to bo broken to some extent reversibly. 

Spectrophotometric titration curves show that on lowering the pH 
the increase in Ento occurs over a quite narrow range ofpH and does not 
appear to be correlated mth the electrometric titration curves (BeavES 
ef al., 1955). In a recent paper Lawley (1956c) has investigated the 
effects on tho absorption spectrum of DA^A of lowering and then 
increasing the pH. As mentioned above, the increase in 
to be mainly duo to changes in the structure oi the molecule where^ 
the increase of Bjjo is associated’with both changes in structure an 
changes duo to the addition of protons to tho bases (mainly cytosine 
with a small contribution from adenine). The ratio I® thereto^ 

a measure of tho extent to which tho bases are titrated. Some ® 
results obtained are shown in Fig. Oa and 6. After titration from V 
to pH 4 or 3 only a small decrease of is observed on back tdra lom 
In contrast to this the ratio returns to its initial va ^ ® 

titration to pH 3 as is to be expected if this measures only the c ang^ 
due to the addition or removal of protons from the bases, Companso 
of the two figures shows that, on lowering the pH, Bs^fEgeo , 
before any change in Eneo is observed. This suggests that a « 
proportion of tho bases can be titrated before any irreversible c g 
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requires the cumulative rupture of a series of hydrogen bonds. Measure- 
ments of the absorption of solutions that had been heated and then 
cooled showed increases in of 20-24 per cent (Thomas, 1953; 

Thomas, 1951, 1954; Laland al, 1954; Dekkeb and Schachman, 

1954). More direct evidence of the rupture of hydrogen bonds on heat- 
ing has been obtained by Cox and Teacocke (1956) from electrometric 
titration studies. They found that the difference between the forward 
and back titration curves to aotd pH decreased as the temperature at 
which the solution had been heated increased. From these curves the 
fraction of hydrogen bonds broken as a result of heating was calculated 
and it was found to be linearly related to the observed increase in 
Similar experiments with DNA which had been denatured and degraded 
by y-irradiation (Cox and Peacocke, 1956) also indicated a linear 
relation between the increase of and the fraction of hydrogen 
bonds which were broken. 

Very little is known as yet about the changes in the molecule that 
are associated with the denaturation which occurs in solutions of the 
low salt concentration. Shooter and Butler (1956a) reported that the 
distribution of sedimentation coefficients observed in 0-2 M NaCl was 
the same irrespective of whether the I>NA had first been dissolved 
(at 0«01 per cent) in water or in 0*0lMNaCl. The sedimentation 
coefficient is, however, probably an insensitive measure of changes in 
shape of highly asymmetric particles. It may be noted that PouYET 
et al. (I960) and Dhaussy (1964, 1955) have observed changes in 
of DNA solutions in water when the concentration is reduced below 
0*003 per cent. Dhaussy (1954, 1955) has reported that a change in 
dielectric constant also occurred at this cxincentration and Shooter 
and Butler (1956a) found that the average sedimentation coefficient 
of DNA in water increased rapidly below 0*003 per cent. These effects 
were attributed to the breakdovm of ordered structures but it seems 
likely that denaturation effects may account for some of the changes 
observed. At high concentrations of DHA the Na^ associated with it 
may prevent denaturation. Although no evidence of the breaking of 
hydrogen bonds under these conditions has boon reported it seems 
probable that this does occur. Lawley (1050) has suggested that at 
low salt concentration is dissociated from the phosphate groups 
and that hydrogen bonds are more easily' broken os a result of the 
increased electrostatic separation between the twin chains. Otlier 
experiments have shown that reduction of the salt concentration 
increases the sensitivity of DNx\. to denaturation. Jordak et ah (1056) 
and Cox and Peacocke (IDCOb), for example, have found that the 
electrometric titration cur%’es (acid) are moved to higher values of 
pH os the ionic strength of the solution is decreased. Spcctrophoto- 
metric titration cuiA'csexhibitsimiJareffects (Lawley, 1050c). Reducing 
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is about threo times as high na that obsen'cd in water alone (Fig. 10). 
This increase was attributed to tho separation of the twin chains of the 
molecules to give t%vico tho number of hydrodynamic units of approxi- 
mately tho same degree of asymmotiy os the original molecules. The 
greater flexibility of tho denatured product was demonstrated by the 
fact that tljo addition of salt reduced tho intrinsic viscosity considerably 
(Pig. 20). TIjo.so results have been corroborated by Paix (1956). 
Dotv and Rice (1955) have found that tho addition of 4 M urea to a 
solution of DNA in tho presence of NaCl reduced tho temperature at 
which tho marked fall in viscosity occurred by 17®C. Since a partial 



I'jg, 10. Effect of urea on tho reduced •pecific viscosities of DNA. 

O u\ water 

in 0 M urea before dwlysis 
X m water oftcr removmg ureo by disJj'sis 
« m 0 ( M Koa 

^ in 0 I M NaCI. 0 M urea before diaJj'sis 
A in 0 ( Itl NoCI after removal of urea by dmiysi*. 

separation of tho twin chains is to bo expected below the initial tempera- 
ture those experiments and those of Conway and Butler suggest that 
tho addition of urea to partially donatttrod DNA greatly facilitates 
further donaturation. 

Alexander and Stacev (1955b, 1957) have reported that when 4 3f 
urea was added to a solution of herring sperm DNA in tho presence o 
NaCl at room temperature, tho molecular weight fell from 6*9 X 
to 2-7 X 10®. They suggested that this indicated tlie complete separa- 
tion 6f tho twin strands of tho helix. Electron microscope photograp 3 
clearly showed that treatment- with urea altered tho shape o ® 
molecules profoundly. Similar experiments -svith calf 
(Alexander and Stacey, 1965a) on the other hand showed that tne 
addition of urea did not affect the molecular weight. After pretrea men 
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in structure occur. After titration to a pH at which an increase in 
is observed, on back titration the curve is displaced 

towards higher pH in a manner analogous to that observed in electro- 
metric titrations. The results suggest that denaturation is reversible 
provided that the hydrogen bonding is not broken and the two poly- 
nucleotide chains are not separated over too groat a length. 



Fig. 9. Changes in absorption of a solution of calf thyinus DMA on forward 
and back titration with acid. The arrow on the curve indicates the direction 
of the titration. 


VII. The Effect of Urea 

A further type of denaturation that has been studied is that produced 
hy the addition of urea to DNA solutions. The investigations can bo 
divided into two groups those involving conditions under which, in the 
absence of urea (a) the DNA is known to be stable and (6) a partial 
denaturation of tlie DNA might be expected. The latter class includes 
the experiments in which urea is added to DNA solutions in water. 
Conway and Butler (1952) have shomi for example that the viscosity 
of solutions of calf thymus DNA in water was reduced by the addition 
of urea, the extent of the reduction increasing with increasing urea 
concentration. A further reduction in viscosity was observed when the 
urea was removed by dialj'sis. Conway (1956) has recently reported that 
at zero rates of shear the intrinsic viscosity in the presence of 6 M urea 
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(Fig. 11). This is to bo expected on the basis of the twin strand structure 
since the probability of a break occurring in one chain close to a break 
already present in the second chain will initially be low but will increase 
progressively as the reaction proceeds. Thomas (1956) has investigated 
the enzyme degradation in detail, making simultaneous measurements 
of molecular weight and viscosity. At the same time the extent of the 
reaction was determined by a titration method. The results obtained 
parallel those of Sciiachman and Zamenhof. Analysis of the light 
scattering data at different stages of the reaction showed that the 
ratio of the radius of gyration of the particles to their molecular weight 
decreased by about 40 per cent during the reaction, in contrast to the 



Fig. 12. The rate of degradetfon of DNA by ^ 

theoretical curves. ^ experunentel results The absejssM 

the extent of the reaction in terms of the num^r of i,t 3 (,fthe 

broken by the enzyme. The ordinate is the ratio of the molecular tr g 

degraded and undegraded DJJA. 


docreaso of 60 per cent which is immediately 

is acidified to pH 2 6. These results, “dioatiug th»t the flwbth^^ot 
the particles is little affected, suggest that m the ® 

enzymic degradation the twin chains are not ^ jtj, 

exp^ments by RnicHstAKK (1950) have 

Thomas has calculated the relationship betwo iegradation 

weight and the extent of the enz^at.c f rtmotures. 

by random bond breaking "f “^'*™“\tt^x^erimental 

Comparison of the curve marked smglo chain m ^ to 

points in Fig. 12 clearly shot™ that the struc- 

the degradation of a single polymer cham In the do ^ 

turn, the strength of the hydrogen bonds *0 be to 

determine how close together brealra on opp , j separations 

produce degradation. In Fig. 12 the curves -^^enlated fcr ™i\„^__tal 

of (h = )0, 1. 2. and 3 pairs of nucleotides are give . P ^ 

points appmimate to the curve for I - 2 snggestmg that degr 
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of the DNA with ethylenediaminetetracetic acid however, urea reduced 
the molecular weight from 6 x 10* to 3 X 10*. Doty and Rice (1955) 
reported that the viscosity of solutions of calf thymus DNA in salt 
were not affected by the addition of either 4 M or 8 M urea. The results 
of these experiments in which urea was added to a solution of DNA 
in which no partial denaturation should have occurred are somewhat 
conflicting. It would appear from the results ndth herring sperm DNA 
that urea can denature DNA without the necessity for preliminary 
partial denaturation by other means. In the case of calf thymus DNA 
it seems that other factors not yet known, may affect the stability of 
the structure. 


Vni. Degradation 

The degradation of DNA by acid treatment has already been discussed. 
It was shown that in this system the twin strands of the helix were to a 
large degree separated before degradation had proceeded very far. 
When however DNA is degraded by the action of deoxyribonuclease 



Fig 11, Curves showing the vanation with tune of sedimentation coefficient, 
reduced specific viscosity and optical density at 260 m/» of a solution of DNA 
after the addition of deoxyribonuclease 

(Laland et al., 1964; Goldstein and Stern, 1950, Dekker and 
ScHACHMAN, 1954; Kunitz, 1950), by ultrasonics (Laland ef al., 
1964; Goldstein and Stern, 1950) or X-ray irradiation (Cox tt al., 
1966) it has been found that veiy considerable decreases in the viscosity 
of the solution occur before any increase in the absorption at 260 m^ 
is observed. This suggests that in these systems the twin strand 
structure remains intact until a considerable reduction in the molecular 
weight has occurred. Zamenhof el al. (1954) and Dekker and 
ScHACiiMAN (1964) have measured the viscosity of a solution of 
DNA in the presence of a very low concentration of deoxyribonu- 
clease and have shown that the rate of degradation is approxi- 
mately zero to begin with and accelerates as the reaction proceeds 
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olcolromotrio titration data (Cox and Pxjcocke, losshl and from a 
study of tim kinetics of cnzj-roc (Thojms, 1056) and acid degradation 
(rjlOMAS and DoTr, 195G). Tlio results suggest that there are few if 
any of these breaks. 

The degradation of DNA by X-rays has been intensively investigated. 
Work in this field up to J054 has been rcviev»'ed by Davtso.v, Co-YWAr, 
and Bother {1054). Tho irradiation of solutions of DXA results in an 
initial /all in viscosity fottowed bj' a progressive decrease in viscosity 
which may continoo for many hours (Davison e/ch, 1954). It has been 
su^ested that this ‘'after ofiect” of tlio irradiation is duo partly to the 
HjOj formed and partly to the slow decomposition of peroxides or 
hj'dropcroxidos which result from the interaction of radicals with the 
DXA molecule (Bdtleb and Cos WAV, 1950; Conwav, 1954; Coxwav 
andBtJTLER, 1953; Sciioi.es and Weiss, 1950, 1952). Scholzs, 'Weiss, 
and WnEELEii (1056) have estimated the amount of peroxide fonned 
as a result of tho irradiation of solutions of calf thymus DXA and of 
3’enst BNA in tho prcsenco of o.tygon by two methods (a) the formation 
of a coloured complex with titanium sulphate reagent, and (b) the 
oxidation of KI and tho estimation of tho amount of iodine liberated. 
It was found that the amount of peroxide estimated by method |b) 
was always greater than that estimated by method (a). They attributed 
tho dilTcrcnco observed to tlio presence of hydropero.tides since it is 
knorni that these compounds do not form coloured complexes with the 
titanium sulphate reagent but do liberate iodine from KI. It was 
fuTiiier proved that Iho concentration of tho hydroperoxide decreas^ 
progressivol}'' after tho irradiation; the kinetics of this reaction indi- 
cated tho presence of two of these derivatives of different stability. 
Further work showed that hydropero-xide formation occurred mainly 
with tho pyTimidincs rather than the purines. Earlier work had 
demonstrated that tho pyrimidines are more susoeptible to attack by 
radicals than tho purines (Sciioees and tVEiss, 1950, 1952).^ 

Further work on the degradation of DXA by* ioniring radiations hw 
been concerned with the changes in the structure of the molecule which 
are involved. Alexander and Stacey (1966) have investigated the 
effects of irradiating herring sperm DNA samples containing 10-15 per 
cent of water with y rays and 1*2 MeV electrons at high dose rates. 
Measurements of tho molecular weight of the irradiated samples using 
light scattering methods showed that the same amount of degra ^ 
was produced by equal doses of y rays and electrons (Fig. 1 )• ® 

molecular weight falls for doses up to 10* r and begins to increase 
after liigher doses. These results are to some extent confirmed by p^e 
of Shooter et al (1956) who have investigated the effect of irradiatmg 
samples of c.vlf thymus DNA containing 20 per cent of water witn 
1-2 MeV electrons. They found that doses of 10*-I0*r caused o y 
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occurs when bonds are broken on opposite chains not more than two 
nucleotides apart. 

A problem of considerable importance in relation to the structure of 
the DNA molecule was raised by some experiments reported by Dekkee 
and ScHACHMAN (1954). These authors observed that when a solution 
of DNA in water was heated at 100°C, in addition to the denaturation 
discussed above, a considerable decrease in molecular weight occurred. 
This latter effect was attributed to the presence of broken bonds in the 
single polynucleotide chains. Similar experiments in other laboratories 
have confirmed that DNA is degraded when heated in water but it 
has been found that the presence of salt in the solution reduces the 
sensitivity to heat. Sadbon (1955), for example, found that after 
heating a 0'02 per cent solution of DNA for 15 min at 100°C the 
molecular weight, as determined by light scattering, was reduced by a 
factor of 20 for solutions in water, and by 2-3 for solutions in 0-2 M 
NaCl. In the presence of M NaCl no change in molecular weight was 
observed. The efiects of heating 0-01 per cent solutions of DNA in 
0*2 M NaCl have also been investigated by Shootee ei al. (1956) who 
observed decreases in molecular weight by a factor of 4-8. Alexander 
and Stacey (1965a) and Doty and Rice (1955) on the other hand 
observed no change in molecular weight on heating solutions in 0-2 51 
NaCl. It would appear that the differences m these results are to be 
attributed to the effects of heating DNA solutions at different con- 
centrations. Shooter et al. (1956) for instance observed that on heating 
at O'Ol per cent the average sedimentation was unaffected but heating 
at 0'05 per cent followed by dilution to 0*01 per cent resulted in an 
increase in the sedimentation coefficient suggesting a smaller reduction 
in molecular weight. These latter authors also demonstrated that the 
production of artificial breaks in the molecule by X-irradiation increased 
the sensitivity to heat. Breaks produced in the single polynucleotide 
chains by deoxyribonuclease also increase the sensitivity to heat 
(Zamenhof et al., 1954a). If solutions in water are heated for longer 
times a progressive degradation is observed suggesting that phosphodi- 
ester bonds are hydrolysed. If solutions in 0*2 M NaCl are heated for 
long periods further reduction in the sedimentation coefficient is also 
observed but the rate of degradation is slow compared with the initial 
fall in molecular weight. Whether the initial rapid fall in molecular 
weight indicates the existence of breaks in the single chains cannot bo 
determined mth certainty. Shooter and Butler (1956b, 1957) have 
recently shown that DNA preparations are probably subject to some 
degradation by deoxyribonuclease during the isolation of the nuclco- 
protoin from the tissue. Any breaks that are found in the chains are 
therefore probably artefacts produced during the preparation of the 
DNA. Attempts have been made to detect the presence of breaks from 
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Stacey (105G). They found that the addition of 4 urea to eolutiooa 
of tho irradiated samples to break hydrogen bonds holding the frag- 
ments together, resulted in vciy marked decreases in molecular weight, 
e.g. for a dose of 1*8 x 10* r tho molecular weight measured in salt 
solution decreased by only 20 per cent but on tho addition of urea the 
molocular weight was reduced by a factor of about 4 (Fig. 13). They 
calculated from these latter results that tho energy required to produce 
a single break was between 10 and 20 oV. This represents a highly 
efliciont reaction and they* suggested that some of the energy absorbed 
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Fig. 14. Sodunentation coenici«nt dulnbution curvM of DNA. 

— unirradiat«d PNA 
— J0*r 

2xl0*r 

-•-5xJ0*r 
I0*r 

— - — - 10*refter ISjnbi at lOO’C. 

by tho molecule may be transferred from the initial site of the absoip* 
tion along tho molecule to more labile bonds before chemical reaction 
occurs. 

Further support for the general mechanism of tho degradation by 
ionizing radiations has been provided by the work of Cox et al. (1955) 
on the effects of tho j'-irradiation of solutions of herring sperm PNA. 
These authors have shown by titration studies that the hydrogen 
bonding between tlie twin polynucleotide chains is broken to a greater 
extent tho higlier the radiation dose. Viscosity measurements on 
solutions of irradiated DNA in 0*1 M NaCI wore made using Ubbeloho^ 
viscometers and were found to obey tho equation = [rj\ + 
whore c is the concentration and k' = 0'77. The latter figure can 6 
compared with the theoretical values of 0’77 for extended chains sn 
0*73 for rigid rods. Analysis of tlie variation of the intrinsic viscosi y 
with radiation dose and DNA concentration following the theory o 
CiiARLESBY but taking into account the twin strand structure o e 
molecule showed that the molecular weight and viscosity were ^ ® 
by the equation M = kJlfo « This suggests that the structure oi me 
molecule is intermediate between that of a rigid rod ([»;] *= ' 

335 


(848) 



THE PHYSICAL CHEMISTRY OF DEOXYRIBOSBNUCLEIC ACID 

small changes in viscosity ns measured in a Frampton viscometer. 
At doses of 10® r the average sedimentation coefficient is not greatly 
affected but there is a marked increase in heterogeneity resulting from 
an increase of material with both higher and lower sedimentation 
coefficients (Fig. 14). These results suggest that irradiation under these 
conditions produces a combination of degradation and aggregation. 
At doses of 10® r aggregation predominates. Koenig and Perrinos 
(1953) also found that X'irradiation of vacuum dried BNA produced a 



Fig. 13. The decrease in the weight average moleculor weight of DNA on 
irradiation. Upper curve, molecular weight measured in 0 M KaCl; lower 
curve, measured ui 0 2 M KaCl + 4 M urea 
A and O F ray* <l200r/min) 

I and X l‘2MoV electrons (9 X 10*r/min) 

small increase of the sedimentation constant (extrapolated to c = 0 
from measurements in range 1 per cent to 0-025 per cent) alter a dose 
of 10® r though a decrease was observed alter a dose of 10' r. Further 
evidence of aggregation was observed by Setton and Doylc (1954) 
who found that after irradiating dry DNA with high doses (5 x 10® rep) 
of electrons or deuterons it was soluble in water and formed gels in 
0-2 M NaCl. These authors also found that dry DNA irradiated with 
ultraviolet light (185-300 m/i) formed gels on the addition of water. 
Since on irradiation with y-rays bonds are broken at random it is to 
bo expected that some breaks iviH occur in the single pelj-nuclootide 
chains opposite to intact portions of the second chain and will not 
therefore result in a degradation of the moleculo as a whole. The 
existence of such breaks can be inferred from the observ-ation that as 
the dose increases the sensitivity of the DNA to heat degradation also 
increases (Shooter et al., 195G). A more direct demonstration of the 
existence of these breaks has been obtained by Alexander and 
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on fom-arf titration. Tho extra bases that can bo liberated by further 
dcnaturation at pH 3 {Qlt) is thus reduced. Comparison of the curves 
Bhoirag tlio difference between forward and bark titration as a function 
of pH shows that the bases liberated by heat denaturation titrate over 
tho whole pH range from 3-1 to 7-0. In contrast to this the dilference 
curves obtained from DNA denatured by y-irradiation (FiV. 16) show 
that bases titrating in tho lower part of the pH range, i.e. adenine, are 
liberated first and that groups titrating nearer to pH 7, i.e. ejiosine, 
are only liberated after moro extensive irradiation. 



Fig 1C Titrstioo cun-es of b»rriag sperm DN'A. Upper 6gure (i) sad (ii) 
forward and bock titration curv'es of unirrndiated DNA; A. B, C forward 
titration curves after increasing doses of y-rai's. Lower figure, difference eun-«. 
obtained by subtrocting tlie ordinates of cuni'o (n) from the other curves 


IX. TriE Interaction of DNA and Metal Cations 
Creeth and Jordan (1949) havo calculated tJie charge on the DNA 
molecule in the presence of various concentrations of NaCl front 
measurements of membrane potentials and havo found that the 
charge is only J to J of that expected. This difference has been nt^ri* 
buted to the bindmg of Na+ ions to the phosphate groups of the DNA. 
Similar measurements by Shack et al. (1952) have confirmed these 
observations though it was found that the increase in the negation 
charge on the molecule with increasing concentration of NaCl was not 
as great ns that reported by Creeth and Jordan. Distribution 
measurements suggested that at higher concentrations of NaCl, Cl 
were also bound to the molecule thus explaining tho observed increase 
in negative charge. Shack cfnl, (1953) have obtained further confirma- 
tion of the binding of Na+ from studies of the decrease in the absorption 
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of ft random coil ([»;) = The observed dependence of [»;] on M 

is in good agreement with that ohtainod by Bokce and Rice (sec Doty, 
19r>7) from viscosity measurements on a series of samples of DNA de- 
graded by ultrasonics, [rj] = 

An interesting feature associated with the degradation of DNA by 
y-rays has been reported by Cox el aL (1055). Electrometric titration 
experiments nith degraded samples have sliown that tho liydrogon 
bonds between tho pairs of bases adenino and thymine appear to bo 



Fjg. 15. Tilnition of hemnsj *pcrm DNA. Upi'cr figun* to nml (lO 

Turwthl and back titration cunTa of nonnal DXA. OOxt cunrs aftrr healing 
for 1 hr at: OTO'C.O "S’C. x78 «*C, • 83 4*C. A 87 S'C.wnall fullciroJra lOO'C 
and hack titration nirtnof all hra«xl aomplra. Lowrr figurr. diffcrmroCunra 
ohlainisl hy iiuhtrarting tho onlmato* of ctirt'o (ii) from t}t«- otlirr curtTa. 

broken more qtiickly than those between guanino niul cytosine. This 
is the opposite to the ciTcct observed on acid denaturation where their 
results suggest that tho bonds between cytosine and guanino are broken 
preferentially (Cox and Pr.ArocKK. I0.%7) (Tho results of Johdan 
<l til. (1950) on the other band suggest that on nchl denaturation tho 
bonds l>ctween the two pairs of b.vies ore broken at the same pH.) 
Similar titration experiments with DNA drgrade«l by lie.iling (Cox 
and l'KAeo<*Ki;, 1950a) or by uhrn^mes (Cox and I’r-uocKr, 1957) 
nbowixl that under lhr--c comlitions the lionds between the two p.airs of 
bXM's Were broken with equal fftclhty The results nbtnine<I liy CV»x et 
fll for the eiTects of he.st and j~irra«bnUi*n nmllustratfsl in Figs. lonnd 
K. In Kig. 15 the difTrmiee lietween the furw.itd and backw.tril 
titrailnu ctirx'es at any pi! (eg. 1*1!) Irpre^nts the inriT\»o in the 
of groups liiratmg at tins pH whteh are lil«’ratr«l by and 
dmaluratinn at pH 3. Parlial d'-naturotion by Imating bl-'rat'-s e<'me 
of tb" bv»yf'». n« fr j*rT-^nie»l by t\* for curse .1, wbirh Can a<M protons 


THE INTERACTION’ OF DNA AND ORGANIC CATIONS 

DNA to which the dye moloculos can bo bound. It was suggested that 
those Bites wore the monoesterificd and the dicsterified phosphate 
groups. Tho existence of such a largo fraction of monoesterificd phos- 
phate groups as is suggested by theso oxpc'rimonts (iViVi n-ouH suggest 
either that tho molecule is highly branched or that many breaks 
occur in tho singfe strands os proposed by Dekker and Schachman 
(1054). No other evidence in favour of a branched-chain molecule 
has been produced and as discussed above, in the majority of 
preparations, few if any breaks occur in the single polynucleotide 
chains. Tho proportion of monoesterificd groups estimated in this 
way v’arics widoly and tho changes obsemsd %vhen the pH is lowered 
are contrary to those that woidd bo anticipated (Peacocke, 1955). 
Recent work by lRtt7N and Irwin (1D54) on tho interaction of DNA 
with a O-ammo-acridine derivative and of La\vley (105Gb) on the 
interaction of DNA with 6-amino-acridino and mth rosanilinehas shown 
that tile results can best bo dosenbed in terms of tho existence of one 
typo of binding site only. Peacocke and Skerbett (1956) have 
investigated tho interaction with proflavine (0;8 diamino-acridiiie 
sulphate) and have deduced from the results that the sites on 
the DNA molecule available for absorption e.xhibit a wide range 
of affinities for these molecules. There is however evidence that 
aggregation of tho proflavine occurs at tlm higher concentrations used 
and the apparent variations in tho binding affinity can be best described 
in terms of a strong, specific binding of single proflavine molecules and 
a much weaker binding of tho aggregates. 

Comparative studios on the strength of the binding of different 
organic cations to DNA have been made by Morthiand ei at. (1954) 
and by La^veey (J956bb The former authors obtained evidence of a 


phosphate groups with these particular molocuica. \*95Gb) 

has found that 6-amino-ocridine has a greater affinity for DNA than as 
rosanilino. Consideratioij of tho structure of rosanihne suggests t a 
bonding to only ono phosphate group can occur. The extent to w/uc 
rosaniline and 5-ainino-acridine ar© bound to DNA was foun to e 
considerably reduced if tho DNA was denatured by heat treatment. 
Kurkick (1854a,b) has found that the affinity of DNA for the dye 
methyl green and its susceptibility to the attack of deoxyribonuc e e 
are also considerably reduced by heat denaturation. It ' 

as Lawley suggests, that in the more random structure pr uc 
denaturation the phosphate groups are to some extent blocked I?y 

formation. ’ ' ' ■ S 

that Na"*" ’ • ' rosaniline or S-ammo 

from denatured than fiom noriaui DNA. La-svley has suggeste 
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at 260 mfi observed on the addition of NaCl to DNA solutions in water. 
Similar experiments with Ba®+, and Ca*"*" showed that these ions 
are bound much more effectively by the phosphate groups than is 
Na'*’. The results suggested that a tight binding of 1*6 atoms of divalent 
cation per 4 phosphate groups. This latter result has been confirmed 
by measurements of the conductivity of DNA solutions containing 
different concentrations of Further experiments have suggested 
that the extent of the binding of Na+ is about the same for normal and 
denatured DNA. 

JoRDAH and his colleagues have approached this problem from 
another angle. From a series of electrometric titration curves at 
different ionic strengths and different concentrations of DNA (Jordan 
€i al.y 1950) they have calculated the number of protons added to the 
molecule under different conditions. Assuming that between pH 3 and 
7 all the phosphate groups carry a single negative charge they have 
been able to calculate the net negative charge on the molecule. From 
electrophoresis experiments (Mathieson and McLaren, 1060) under 
similar conditions the effective charge on the molecule (i.o. including 
any Na+ or Cl~ ions bound to the DNA) has been calculated. The values 
of the effective charge at different ionic strengths were comparable 
with those obtained by Creetii and Jordan and by Shack ct aL 
Comparison of the titration and mobility data indicated that Na+ ions 
were bound to up to 00 per cent of the phosphate groups. It was 
further deduced that a conaidctable proportion of Cl“ ions are bound 
to DNA at low pH. Cox and Peacocke (1056b) have analysed their 
results on the effect of ionic strength on the titration curves in terms 
of several models in an attempt to distinguish between (a) a binding 
of Na+ to DNA and (6) no binding of Na+ but a greater shielding of tho 
ionic atmosphere around tho DNA particles. Their results are some* 
what inconclusive though tho evidence favours tho binding of the Na^ 
ions. 


X. The IsTF.UACTiox or DNA and Organic Cations 
Studios of the interaction of various cationic organic compounds with 
DNA have suggested that the sites of absorption available to these 
molecules are the wmo ns those to which metal cations aro bound 
(Cavaueui ft nl„ 1950. 10.51. Irvin and Irvin, 1954; Lawley, 
l05Ga,b). In agreement with tho results on tho relative strength of 
binding of monovalent and <livalenl cations discussed alxjvo it has 
been found that the latter aro much more effective in displacing 
l>otind organic cations than tho former (L.\wley, I950a,b). Work 
by Cavaukr! ft nl. (1950, 1951) on the interaction of DNA srilh 
rwaniline suggested that then? are two sites of different affinity in 
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tho formation of an NH3+ group. It Is clear that this problem requires 
further consideration. 

Tho work of Jordan and his colleagues (1056), Cox and Peacocke 
( 1 95Ga), Cavalieri and Stone (1955) and Lee and Peacocke (1 953), has 
shown that tho apparent dissociation constants of tho bases in denatured 
DNA incrcaso ns tho ionic strength of tho solution is reduced. It does 
however ajipcar to bo possible to assign apparent dissociation constants 
to the bases under specific conditions and from the known composition 
of tlio DNA, to calculate a theoretical titration curve which agrees 
well with that observed except in tho pH range 5-8-5 (Gelland el al., 
1947; JoRDANctaf., 195C; Pricocke, 1954, 1955). Tho experimental 
curve indicates that groups are present which titrate in this range. 
Since tho highest pKa of tho bases, that of cytosine (pA'a = 4-6), is 
far removed from this region it has been suggested that the difference 
between tho theoretical and experimental curves could be attributed 
to the presence of a small proportion of mono-esterified phosphate 
groups with apA'ain the range 6-4-6-6 (Gdixand el ah, 1947; Jordan 
cinZ., 1950; Peacocke, 1954, 1955). Becent experiments with apurinio 
acid have however ahomi thot tho pKa of c^’tosino in this compound 
is 5-0 (Hurlen el ah, in press). Using this now value Cox and Peacocke 
(1950b) have obtained good agreement between theoretical and observed 
titration curves of DNA without the necessity for postulating the 
prosonco of monoestcrifiod phosphate groups. 

It may bo noted that in the calculations discussed above it has been 
assumed that tho pKa of tho bases is not affected by variations in the 
charge on t!io DNA molecule which result from changes of pH. The 
validity of this assumption hoa been questioned (Doty and Bice, 
1955). Work on other polyeloctrolytcs has sho^m that changes of 
electrostatic potential resulting from ionization greatly affect the 
dissociation constants of tho ionizing groups. ICatcralsky et 0 . 
(1954) have showTi that for such systems, dissociation follows the 
equation 

pH = pA' - log - 0-4343 ^ 

whore a is tho degree of dissociation and tho last term gives the 
correction due to changes in tlio electrostatic potential, llATmESON 
and McLaren (1956) have calculated v ^or DNA from electrophoretic 
mobiUty data and have shoivn that tho term 0-4343 changes 

from M4 at pH 3-0 to 1-63 at pH 7. This result is corroborated by 
observation of Cox and Peacocke (1956b) that tho pA of cymsino 
apurinic acid was changed by less than 0-25 units in the p 

3-5-G-6. This small change in the electrostatic potential term wi P 

explains the absence of spreading of the titration curves an 
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this may be duo to tho binding of t!»o dyes on the planar rinp of tho 
ba.'os. 


JXI. TtiE Interaction’ or DXA wmt Hisstones 
Much of tho work on the nssociation of histones nnd DN'A in tho 
nucicoprotcin complex has been reviewwl by Dastson', Conway, nnd 
Butler (1051). It has l)een found thnt tho degree of dissociation of 
the nucicoprotcin complex incre.ases with incre.ising juilt concentmtion 
(Dumiton tt al., 1054; Butler et at., 1053). The b.ase composition 
of the I)NA cxtmctwl tLsing dilTcrent concentrations of wit does not 
differ (Lucy nnd Buti^er, 1054). C^iWROArr nnd Ins colle.ignes 
(CiiAROArr nnd DA'nDSON, 1055) have howcs'cr ehown that factions 
of UNA of different base compositions can be obtained by extr.acling 
with increasing concentrations of salt a prcp.ardtion of nucleoprotcin 
which has l>een denatured b^* chloroform treatment. Brown nnd 
Watnon (10.53) have inve«ltgate<l the elution of n Mmple of DXA 
from a column of Kic.«elguhr co.ato<l with histone using wit solution of 
eoritinuously increasing strength. They found that n Imetionntion of 
th** DNA was only nchlcved when the histone used w.as first den.nturNj 
by heal treatment. Lurv nnd Butler (1051, 195.5) have showri that 
the fraetionation of the DXA does not necessarily require variations 
In the mU concentration since I)XA nnd histone fractions of differing 
cr>mj»osiijon can be obtnined hy repe.ated extraction of n chloroform 
dmaturwl nuclcoprotein with O CMXaCl. Tlie origin of the«<' differ* 
rnre* in the binding l*ctw‘ecn histone nnd DXA molecules of dirfrrrnl 
haw ftirnpmUion is still far from clear. Jyxlimenlation onalysls of a 
s*"ries of i)XA fractums (l,vcv, 195f») »«‘\'e.alc<l lhat the di«trihutions 
»if fe<ljmrnt*tlon cr*rfljdfnts <lid n<»t differ STry greatly. Tliem is there- 
f'lir no rridmee that the fractionation l« n purely pliSTtieal one. f.p 
•mall fnoJ<’<Tjlr« l*e1ng rTtract<w| prrfrrs-ntislly. It likely that 

lindiiig hs«t/*«e to ^iirs other than the pK<»«phate grntqw (^,g. tl.e 
amino gTt)ujM of guanine) may I*' InvoUcI n-* |,y Bnowx 

ar.tl WsT^dS! {IP53) 


Nil, JlLrrTrowrTT.ir Tirnsriox Kxrrr.ivrvT’k 
Mv’h t-f tlrf* wr.fl. €'\ the ii!ra*».-o rf DXA ha* frfr?rf»! t't Jn 
{■fO s r**;* r<f It •» fri irw J -jT ft r»‘~x\‘n t*» !•« 

ft*. tJ.'' ♦-thj.se ihlt l?»e |«!rst»'-o *«f jflS 

ttrf- >1 J.'i i-i f-f tfi’iif'TAJ I'f j.r< •«♦♦;» jrt*””.'** w}>'*j »jr> intrltoj Jo 

S'-r* J 1* l.f p Ir. ». m** f> ;t » r.Vl !♦,». ’»r * 

fhiej-v t-*j t}.« rf tJ,^ t-Sitr-. 5t«t. < f- 

I >.» «. r - f'- " tJw'r'Se'* 'r •‘.•’•Ot'"'"* S*-*! 1^..- 

*-*’*.'5*' «f « t-* X tS.tt* *J <r>» f.-<1 |» 
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agreement obsen'ed between experimental curves and those calculated 
without considering this factor. The magnitude of this term accounts 
well for the change in the titration cur\'es with variations of DI'TA 
concentration and ionic strength (JIatiiieson and McLaren, 1956). 
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A COMPACT AND INEXPENSIVE TISELIUS 

electrophoresis apparatus 

by 

L. O. BUTLEK. D. W. F. JAMES AND J. D. TREHERXE 
Baetinology »r ... . 

. ■ 

and PAysie . . . . ■ 


piere is a considerA'iblc need for a compact and inexpensive Tiselius electropho- 
resis insl^mcnt which does not sacrifice all the precision and sensitivity of the larger 
commercial models. Such an instrument should also be easy to manipulate and 
capable of giving results on small volumes in a comparatively short time. This paper 
describes the details of construction and performance of an instrument of this type 
which has been constructed in a laboratory workshop at low cost. 

The 2.0 ml electrophoresis cell as used in theelectrophoresis apparatus described 
by Moore and White* (usually knoym as the Perkin-Elmer apparatus) was considered 
of suitable size, and since its design had already taken account of such problems as 
rapid heat transference and streaming, the cell was adopted as the starting point 
about which the instrument was to be designed. The Perkin-Elmer instrument has 
certain disadvantages which we have attempted to eJuninate in the apparatus here 
described, but its advantages over the larger and more cumbersome instruments have 
been retained, viz., the small thermostatic bath, simple cell assembly and smaller 
overall size (Moore and W’hite The question of overall length, however, must be a 
matter of compromise since the sensitivity is reduced as the optical path length is 
shortened. The Perkin-Elmer apparatus is compact because both the focal lengths of 
the schlieren lenses and the size of the water-bath are reduced. However, the sensi- 
tivity of the optical system is directly proportional to the focal length of the second 
schlieren lens. For this reason w-c have used a comparatively long focal length lens, 
as is usual in the larger instruments, with a consequent increase in total length coni- 
pwed to the Perkin-Elmer. but we have retained the small water-bath. The other 
main disadvantages of the Pcrkin-EImcr apparatus are the use of the framework 2nd 
water-bath for mounting the optical components and the use of a plain sht as the 
schlieren diaphragm. These have been overcome firstly by mounting almost all the 
components on an optical bench bolted to an H-girdcr, thus ensuring that not only 
are the parts rigidly mounted without fear of distortion or disalignment from external 
stresses, but also each part is an independent unit and can be adjusted without causing 
disturbance to other parts. The only component that is mounted on the framework is 
the camera back. Secondly, a bar has been adopted as the schlieren diaphragm since 
Alberty, Anderson and Williams* showed that with a knife-edge the area of the 
peaks is dependent on the exposure time used. This is due to the diffraction ban 
moving into the light area as the exposure is increased. The bar is used in conjunctwR 
with the Philpot-Svensson cylindrical lens optical system (Piiilpot’, Svensson • ) 
tiefertnees p iSj 
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in preference to the Longsworth scanning sj*stem (Loncswortu*) w-ith its mechanical 
disadvantages. 

DESCRIPTION 

The general \*ie\v of the apjiaratus can be seen in Figs. 1,2 and 3. In Fig. 3, A and 
B arc sections of 3 inch H-girdcr and C is the optical bench rigidly mounted on A. D 



riR I I \ irw to pvt* of the appiratu* de'CTil>eU in the text 

i« Ihr bmphoUK*. vhich, to j7rcvent ovrrhe.nling, is mounted externally to the rest of 
tJjc apiuratiK. the framework of which i^shotvn bv tlie dotted line. G is the ?ht w-hich 
it at the focut of tlir first schheren lens. If. P.araIIel hcht is therefore pasvd lhroii;;h 



t' ' Kith J i« • j)/., j},., . - 1 , j},.. rVcUej .‘.-tn.* Ar,f tt 1 V' s.-l.t l'» a f -".-t 

1^ A »/^! bit, 1.. M 1% A cam-Ta l*r.t j-ri /'•..“■r 
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an image of the cell on the photographic screen P, while N is the cylindrical kiis 
focussing vertical lines in the plane of L onto the screen P. 0 is a photographic shutter. 
Figs. I and 2 also show the stirrer motor Q and the cable release R to the shutter. S 
is the power pack. The top panels and those of one side are removable. 

The optical system uses a 125 watt mercury discharge lamp as the light source. 
The light is brought info a parallel beam by the convex lens E (Fig, 3) and then 



focussed as a sharp line onto the slit G by a cylindrical perspex lens (F). The slit is 
adjustable, and was found to give good results when set at 0.005 inch. T is a filter 
allowing light of the wavelength of the mercury green line to pass. The two schhercn 
lenses H and K are 2i inches in diameter and 25 inches in focal length, and arc 
mounted on the optical bench. Parallel light is passed through the water-bath by 
means of four optical flats (U) set in the sid« of the bath. The schlieren bar is 0 on 
inch in diameter and is mounted on a cylinder capable of rotation and is graduated in 
degrees. The setting of the bar can be viewed through a telescope (V, Fig. i) set in 
the Ud of the instrument case. The angle of the bar, and hence the sensitivity of « 
instrument, is controlled by a knob situated by the viewing saeen P. The camera lens 
is a convex lens of focal length 14 inches, and produces an image on the saeen a a 
1:1 magnification. The cyUndrical lens N, focal length 4-5 inches, is mounted m a 
rotatable holder. The viewing screen is situated in a camera back, which 
to take double-dark film holders. The instrument was focussed using methods de- 


scribed by Losgswortk j 

The electrophoresis cell and cell-holder, buffer bottles and electro . 

scribed by Moore and White • using the open type system, The only modificati 
have made is that on the appropnate buffer bottle a cover is placed with 
for the electrode wire to pass through, and also a tube having o"® PP . 
the buffer and the other end carrying a tap. This is connected by ° 

an electrolytic compensator (Johnson and Shooter*), the dwign o w ^ 
in Fig. 4. A is two platinum electrodes immersed in dilute sulphunc acio c ^ 

tube B which itself fits into the outer bottle C by means of J _Iaccd 

Holes have been blown round the top of tube B just below the join . ^ 

in bottle C which is then connected by the polythene t«hing attached 
E to that electrophoresis electrode vessel which is connected to bottles 

A tap set in the polythene tubing allows buffer to be sucked up ro sulphur® 

thus giving an unbroken liquid connection. The electrolysis o screen so 

acid is controlled from a switch and rheostat srtuated next to t 
that the movement of the boundary is ea«ly seen and can he 5„,jtched 

time. When the boundary has reached the required position the c 
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in preference to the Longsworth scanning sjrstem (Longsworth *) with its mechanical 
disadvantages. 

DESCRIPTION 

The general view of the apparatus can be seen in Figs. 1,2 and 3. In Fig. 3, A and 
B are sections of 3 inch H-girder and C is the optical bench rigidly mounted on A. D 



Fig t End view Letters refer to parts of the apparatus described m the text. 

is the lamphousc, which, to prevent overheating, is mounted e.xtemally to the rest of 
the apparatus, the framework of which is shotvn by the dotted line. G is the slit which 
is at the focus of the first schlieren lens, H. Parallel light is therefore passed through 



Fig a Side view, with side and top panels removed 


the water •bath J and thus through the electrophoresis cell, and is brought to a focus 
hy a second schlicrcn lens, K, onto the schlieren bar, L. M is a camera lens projecting 
l^!<rfnees p 18$ 
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bath with holes cut in the appropriate places to allow the various manipulations to 
be carried out with the lid in position. 

The power pack used is a commercially armilable model giving a stabilised output 
of 0-200 V and 0-75 mA (Boulton-Paul Aircraft Ltd., Type E.P. 258 (A. 31)) Tappings 
are also available giving 6.3 V from which both the electrolytic boundary compen- 
sator and the lamp illuminating the scale on the schlieren bar are run. 


RESULTS 


The patterns obtained are illustrated by Figs. 6 and 7. Fig. 6 is of a normal human 
serum run in the NaCl/HCl/Na veronal buffer of Miller anp Golder ’ at /< «= 0.2. 



la) 


Ascending pescendjng 

6 Efec<rop£ioreticpatternsofseriini. diluted / in 3, in NiJJer and Colder bufler, 
pH = 8.5, /< ■= o 2 Tune, 150 minutes 



Ascending 




Fig 7 

pH 8.5. The serum had been diluted i in 3. Fig. 7 b of a thfe”solution also 

U iu tte same buHer at 7, = o.a and pH 8.5. It can a con- 

contains two globulin fractions as impurittes, the smallest pia J pontes. The 
centration of about o.oa»/„. This illustrates the s=ns.t.vrty of the app 
Riferentfsp.iSs 
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off and the sj-stem is isolated by turning the tap above the buffer bottle. In this way 
the boundary can be shifted without disturbance and the operation requires no skill. 
The water-bath is constructed of J inch Perspex of dimensions 7J' x 7J' X 


\f 



Fig 4 Diagram of th« electrolytic compensator Letter* refer to parts of the compensator 
described m the text 


and is shown in Fig. 5. The two walls in the optical pathu-ay each have a double- 
windowed cavity. The windows are of optical glass (A) and are held in position by 
rubber O-rings (B). The cavities arc dried by silica gel containers (C) which arc rc- 



3 Dagram of the vrater.bath (a) Plan (b) Cnd view of window shoving silica gel con- 
tainer Letters refer to parts described in the text 

pUcc.ible. Grooves (D) in the floor of the b.ith arc arranged in such a way as to give 
kinematic alignment for the cell holder, which is then clamped firmly in position. A 
'^irc mesh in one comer forms a comp.artmcnt for ice. and a pcrsjicx lid covers the 

f^rjnr^n f iff 
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OmtcioBaiOTca KoHcrpyicniBHUc AcraAU k paSo-^aa xapajctepncruKa yay^weRHaro k 

AcmtBOro aACKTpo^optrnpiecKoro a/mapaTA TitacAttyca. 

B annapaTc npiiMcnaiOTcs mAirposwe ajihsu cpaDHiixcMHO 6ou«:oro 4oi*7aioro pi«- 
TOsima 4Aa ^ocnw-eKtia nyBCtBirreA*.HOCTH, s to *•••«' , . 

oSecaenuB '-^'''"' — . • . ■ ■ , ■ » 1 

C CltCTCMO , ■ . ■ ; • , 


REFEREN^CES 

t D H Moore anp J. W. White, Rev. Set. Jnsfr., ip (1948) 700. 

5 R. A AiBERty, E. A. Anpersok AKD J. W. Wh-liams./. FAvs. (S-Cof/oirfCA/w ,5 j(i948) 317. 

3 J. St. L. PHtLpQT, //ature, r-fi (1938) 283, 

4 H SvENSso.v, KoRotd Z.,Sj (1939) i8r. 

5 H SvE.vssoK. Kotloid Z; po (1940) 141. 

6 L.G LongsnvoRth, Awn. N.Y. Aftfd Sci,jp{igs^ rS/ 

7 I- G LosgswoRth. Ini. Enf Chetn. Anal. Ed . 18 (1946) 319. 

8 P. JojW 50 » AVO E. Af Shooter, Saenee. jop 39. 

9 G. L. AfHXER AND R H Colder, Arch. Bxochtm , zg (1930) 430 

Received March ^ih, 1957 


ADDENDUM 

by 

L. 0. BUTLER AND A. M. STEWAKT 


A sampling device for the removal of electrophoretic jmeitons 

An msfrument has been designed which will facilitate the removal of /rations 
from either limb of the electrophoresis cell. Its construction can be seen from Fig. i- 



Fig 1 Ciectrophomic sampler. Letters refer to parts Of the apparatus desenbed m ‘f* 

A triangular frajnewotk is mounted on a slab of J inch a 

top of the water-bath of the electrophoresis apparatus. The motor. Tlic 

dove-tail slide (A) in which moves a saddle (B) driven by a ~4 • ' 
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TABLE I 

AREAS OF THE PEAKS OBTAINED WITH THE ALBUUIM SOLUTION 


1 % (w/v) albumin solution in NaCl/HCI/Na veronal buffer, pH 8 5, /i *= o 2, 
run at 100 V, 17 5 mA 



Ana: average 

of aseending and descending ttmbs (ttt arbitrary units) 



CJobuliM J 

CJobultn £ 

Albumin + Globulins 

Initial 

- 

- 

- 

188 

140 mm 

>56 

31 

3 

190 


negatives are sufficiently sharp for enlargement for quantitative measurements, and 
the peaks and straightness of the base-line are satisfactory. Table I shows figures for 
the areas of the peaks obtained with the albumin solution initially and after 140 mi- 
nutes at 100 V and 17.5 mA. 
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SUMMARY 

The details of construction and performance of an improved, compact and in» 
expensive Tiselius electrophoresis apparatus are described. 

The apparatus utilises schlieren lenses of relatively long focal length in order to 
retain sensitivity, but a small water-bath ensures compactness of the instrument. A 
bar as the schliei'en diaphragm is used in conjunction with the Philpot-Svensson cy- 
lindrical lens optical systems. 

r£sumj£ 

Les auteurs d^crivent les details de construction et de performance d’un appareil 
d'^Iectrophor^e de Tiselius amdhor4, compact et bon march^. 

L'appareil emploie des lentilles de schlieren de distance locale relativement 
longue afin de conserver la sensibiUte, mais un petit bain-marie assure le caractfere 
compact de l’appareil. Comme diaphragme de schlieren on emploie une barre en com- 
bmaison avec les systfemes optiques h lentilles cylindnques de Philpot-Svensson. 

ZUSAMMENFASSUNG 

Die Emtelheiten von Bau und Lcistung eines verbesserten, kompakten und 
nicht teueren Tiselius-Elektrophorese-Apparates werden bcschrieben. Der Apparat 
verwendet Schlierenlmsen von relativ grosser Brcnnwcite um die Empfindlichkeit 
*u bewahren. aber ein kleines Wasserbad macht das Instrument kompakt. Ein Stab 
wird als SchJierendiaphragnu verwendet, zusammen mit den Phitpot-Svensson'schen 
optischon Systemen mit zylindnschen Lmsen. 

iSs 
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LOCALIZATION OF DEOXYRIBONUCLEASE IN 
TISSUE SECTIONS 

A NEW APPROACH TO THE HISTOCHEMISTRY OF EXZYMES 
R. DAOUST* 

The Chester Beatty Research Institute^ Institute af Cancer Rtstarch, Royal Cancer Hospital, 
London, England 

Received Septrmixr 3, 19S6 


Methods currently used to localize enzymes in tissues consist in dipping 
tissue sections into a solution containing a suitable substrate and preclpitaling 
the products of reaction in a visible form. These products must adhere onto 
the sections with a minimum of diffusion from the sites of enzyme activity 
[4, 8 ], 

In the present work, a different approach was investigated. The method is 
to place tissue sections in contact with a film ofgclatine containing a substrate 
and, after exposure, to stain the film for the remaining substrate. The latter 
should be attacked ifi the regions of the film overlying the areas of tissue 
possessing enzyme activity and retained in those parts covering inactive 
areas. Staining of the exposed film and comparison with the corresponding 
tissue sections should thus reveal the sites of enzyme activity in the tissue. 
Films composed of deoxjTibonucleic acid (DXA) dispersed in gelatine ueie 
used here in order to localize the deoxjTibonuclease (DNAase) present m 
the tissue sections. 


MATERIAL AND METHODS 


The essential steps of the gelatine-substrate film method are Illustrated 1" ^ ' 

Fig. la shows the materials used in their relative positions iitunediately 
exposing the gelatIne-DNA film to tissue sections. Fig. 1 b represents a cross sec lo 
of the same elements during exposure. Fig. Ic shows the tissue sections and « 6* 
tine-DNA film after separation and staining. A negative image of the react ve p 
lions of the sections is seen in the film. mmer- 

PreparaUan of gelatine-DNA films . — A 1 1 1 ml.xture of 5 per cent B^latlne (co 
cial sheet form) and 0.2 per cent DNA* Is liquefied by heating in a water- a 


* This investigation was conducted doring the tenure of an Exchange ,, .j* .ranads. 
auspices of the British Empire Cancer Campaign and of the National , ^«nada. 

Permanent address; Montreal Cancer Institute, Sotre-Dame liosplUh M ,,'rn,«}tote «e* 
» Highly polymerized DNA prepared from call thymus by Mr. E. Johns or inis 
cording to the method of Kay, Simmons and Dounce JSJ 
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motor is controlled by a three-position switch situated by the viewing screen of the 
electrophoresis apparatus. The gearing on the motor gives a final movement of x cm 
in 7 seconds. 

Through the centre of the saddle is drilled a tapered hole into which fits a syringe 
needle (C), which m turn is adapted to fit a luer syringe. The needle is 14.5 cm long 
and of 0.6 mm internal bore, except that the last centimetre is of 0.25 mm internal 
bore .The barrel of a 2 ml syringe (D) is fitted to the needle, the top being closed by a 
rubber bung carrying a small metal lap (E). To the tap is attached rubber tubing 
terminating in a syringe placed close to the viewmg screen of the electrophoresis 
apparatus. This syringe serves to draw up the fraction. The framework is attached 
to the Perspex base by means of three knurled-topped screws, and alternative posi- 
tions are available according to which Jimb is to be sampled. 

With this apparatus, samples of any size may be taken from either hmb. The 
position of the needle in the electrophoretic cell can be seen as a shadow across the 
screen, the edge of the shadow indicating the tip of the needle. Very small movement 
of the needle is possible so that a fraction may be sampled in a number of very small 
steps, thus reducing the possibility of mixing in the cell. The syringe drawing up the 
sample may also be finely coutroUed. 

The sequence of operation, therefore, is as folJoivs. After the electrophoresis is 
stopped, the position of the peaks are noted in terms of a scale attached to the viewing 
screen. The centre section of the electrophoresis cell is then removed out of alignment 
in order to isolate this section. The electrode is then removed from the side opposite 
to the limb to be sampled, and bufier solution added to fill both the top section of the 
cell and the electrode bottle, which are then sealed off by ground-glass plates. The 
buffer in the top section above the limb to be sampled is removed, and the sampler 
put into position. The centre section is then moved into alignment again, and the 
needle lowered till it just enters the centre section. Liquid is then drawn in to the 
needle, and when the required amount is drawn up. the tap on the sampler is closed 
and the needle withdrawn. The sample may then be pushed out into a suitable con- 
tainer. The process is then repeated until all the fractions required are removed. In 
this way, fractions are removed in a successive fashion down the cell. This obviates 
the need that Lo.ves worth* found for forcing air down the needle to remove un- 
wanted liquid. In his arrangement, a glass capillary ivas lowered into the cell by a 
rack and pinion mechanism until the tip was level with the upper boundary of the 
desired layer, the meniscus in the capillary forced down to this level by injecting air 
from a syringe, and then the tip finally introduced into the layer to be sampled. With 
this procedure there must be quite a risk of causing mixing of the layers, a factor that 
the described apparatus and method has tried to eliminate as far as possible. 
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tJjc sccUons spread on ils surface. Tlic slide Is then trans/erred onto a cool level sur- 
face (room temperature) and the gclatine-glyccrol support is again allowed to form a 
firm gel (10-20 minutes). TJiis procedure of allowing Ihe support to llgoetyand reset 
prevents the sections from adhering to the gcIatine-DNA film when the slides are 
separated after exposure. 

Exposure of gelatine-DNA films to tissue sec//ons.— The slide carrj'ing the sections 
is tljen placed against the dry gclallne-DNA film and the two are held in close contact 
by pressure. After standing at room temperature for a given period of time, they 
arc separated again. Tlie gcIalInc-DNA film is washed in two successive baths of 
distilled water, 5 minutes each, and allowed to dry. The slide supporting the tissue 
sections Is placed In neutral 10 per cent formaldehyde, In a horizontal position, and 
left In the fixative overnight. U Is then washed In two successive baths of distilled 
W‘nlcr, 5 minutes each, and left aside until the gelatine-glycerol support has dried. 

Staining of gelatine~DA*A films and tissue sections with htuldine Wue.— The dry 
gelat/nc-DNA film is dipped into a0.2percenf solution of tolufd/nc blue /or lOmi/i- 
utes. The slide Is then washed in distilled water to remove excess dye, the film is 
allowed to dry again and directly mounted with Canada balsam. Control films (2.5 

pc • • - 

inutes 

be' • orlin? 

medium which contains a higher amount of gelatine than the geblme-UNA Rim 
The slide Is transferred directly from acetic alcohol to a 0.3 per cent solution of 
toluldinc blue. After 1-2 minutes In the latter solution, the slide Is washed In distilled 
water to remove excess dye, allowed to dry at room temperature and mounltd by 
adding a drop of Canada balsam and covering wllh a covcrslip. 


Effect of DNAase solution on ffctatine-DNA films.— TroTmaldchydc-CiScd 
gclatine-DNA films treated with a sohilion of DNAase* at showed a 
progressive loss of DNA w’ifh time (Fig. 2). While a slight elTcct was observed 
after 2 hour.s, treatment for 8 hours resulted in an appreciable decrease »n 
sfainahility, and a complete removal of flic DNA was observed after 24 hours 
The control solution had no cITccl on the films in the same conditions.^ 
Effect of tissue sections on gelatine-DNA films . — exposed lo tissue 
sections, the gclaline-DNA films showed a loss of DNA in those regions m 
contact with sections. Fig. 3 illustrates some of the negafive patlerns le u* 3 
film after exposure to sections of the smalt intestine (Fig. 4) for 1 , 

staining with toluidine lilue. The negative images corresponding very wc 
to the sections arc due to the removal of DNA \Yhich is allribute o 
hydrolytic action of the DNAase contained in the tissue .sections. 

‘ The DNAase solution was prepared by adding 0.1 mg of crystalline anal 

Chemical Lab ) per ml of Mcllvalne’s butter at pH 6 5 containing p^Aase. 

concentration of 0 005 .'/• The control solution contained the same re.agenu 
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drop (ca. 0.05 ml) of the mixture is placed on a glass slide and rapidly spread over 
a surface of about 2.5x4 cm with the tip of the pipette. The slide Is left on a level 
surface at room temperature until the gelatIne-DNA gel has dried. The film is then 
fixed overnight in neutral 10 per cent formaldehyde to render the DNA insoluble in 
water. After fixation, the film is washed in three successive baths of distilled water, 
15 minutes each, and allowed to dry. 

CLASS suoe 

— «LATIMt-ONA rriM 

, Tissue SECTION 
CT.'. CeLATIHe-CUrctROI. 

3>-CLASS SLIDE 




• CLASS SLIOC 
,CtLATme-DNA AILU 
-Tissue SECTION 
"CfLATlNE-CLTCCAOL 

• CLASS SLIDE 



Fig. 1. Localization of DNAase in tissue sections by 
the gelatine-substrate IHm method, (o, top), ma* 
terlats used In their relative positions immediately 
before exposing the gelatine-DNA film to tissue 
sections. (^, center), cross section of the same ele* 
ments during exposure, (c, bottom), tissue sections 
and gelatine-DNA film after separation and stain* 
ing. A negative image of the reactive portion of the 
sections is seen in the film. 


Preparation of f/ssuej.— Male albino rats (ca. 200 g) arc killed and the organs 
excised as rapidly as possible. The organs arc placed in a beaker kept on ice, washed in 
distilled water and blotted on filter paper. A piece of each organ is cut out with a 
scalpel and placed immediately on a layer of ice covering a freezing stage dipped into 
cracked dry ice. When the tissues arc frozen, the stage Is adjusted on the freezing 
microtome kept in an insulated box at ca. -20*C and sufficient time Is allowed for 
the tissues to adjust to this temperature. 

Mounting of tissue sections on gelatine-glycerol . — When sections are ready to be 
cut, a mixture of gelatine and glycerol (ref. 1; final concentrations used: 7 and 40 per 
cent respectively) is liquefied by heating In a water-bath. About 0.3 ml of this 
mixture are placed on a glass slide and spread over a surface of approximately 2.5 x 4 
cm with the tip of the pipette. The slide Is left on a level surface at room temperature 
until gelation occurs (5-10 minutes). 

Frozen sections arc then cut at 15 p according to the techniques of LInderstrom- 
Lang, llolter and Mogensen (as described In l3l) and the sections arc slid with a fine 
brush from the microtome knife onto the gclatinc-glycerol-covcred slide. The latter 
Is Introduced Into the cold box only for the time necessary to transfer the sections 
In order to prevent freezing of the semi-soUd support. The slide carrj'ing the tissue 
sections is placed on a level surface at 37*C until the gelatine-glycerol liquefies and 
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Fig. 2, Gelatlne-DNA films treated with control or 
DNAase solutions for different periods of time and 
stained with toluidine blue. 

Fig. 3 Gelatlne-DNA film exposed to sections of the 
small Intestine for 1 hour and stained with toluidine 
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Fig. 5. Part of a negative image left In a gelatlne-DNA 
Intestine for one hour (Fig 3> seen at higher magnUJcat on ( x W). 
Fig 6. Corresponding tissue section at same magslncaUon. 


film exposed to sections of the *: 
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Examination of sections and corresponding autographs at higher magni- 
fication (using a yellow filter) reveals that the DNAase activity is shown mainly 
by the epithelial cell layer of both the villi and the crypts of Liebcrkiihn 
(Figs. 5 and 6). Weaker reactions are given bj- the lamina propria, the sub- 
mucosa and the muscle layers but an intense reaction, assigned to a blood 
vessel, is also observed in the submucosa. The reaction associated with the 
villi epithelium is discontinuous along the epithelial cell layer and clearly 
extends beyond the surface into the lumen. The presence of DNAase in the 
lumen is particularly evident where the spaces between the villi arc relatively 
narrow. These spaces appear filled with the enzyme. The areas of activity 
associated with the crypts of Lieberkuhn do not seem, on the other hand, 
to cover the entire diameter of the crj’pls. They rather correspond to the cen- 
tral part of the glands, i.c. the apical portion of the cells and the lumen. 
Presumably, the DNAase is contained in the excretory region of the goblet cells 
of both the crypts and the villi epithclia and is discharged into the lumen 
together with the mucus. 

For studying the reaction given by the most active parts of a tissue, auto- 
graphs of higher resolution can be obtained by reducing the time of exposure. 
Fig. 7 shows the negative image left in a film after contact witli a section of 
the duodenum (Fig. 8) for 30 minutes, and Fig. 9 shows the results obtained 
ijy a 10 minute exposure to a section of the ileum (Fig. 10). These autographs 
clearly illustrate the presence of DNAase in the spaces between the villi. 
Mucus secretion can be observed in the same location in the corresponding 
sections. Moreover, focal reactions which may l)e assigned to individual 
goblet cells can I)C distinguished along the region of the villi cpilhelium, on 
each side of the active areas associated with the pits (Fig. 7, left part). These 
individual reactions arc still more evident in some autographs of the crypts of 
Liebcrkijhn (Fig. 9, bottom left corner). 

With the pancreas, a negative pattern corresponding to the acinar cells 
was obtained (Figs. II and 12). A mullifocal reaction s\ as sometimes ob- 
served in adjacent acini, suggesting tJinl Ihe DNAase is not evenly distributeil 
in the acini but more concentrated in llieir centers, i.c in the secretory pole 
of the cells. 

In the thyroid, DNAase aetivilv was shown by the colloid present within 
the follicles, the intensity of the reaction varying from one follicle to another 
(Figs. 13 ami l-l) The follicidar epithelium itself was relatively inactive. 
The inlcrfollicular connective tissue showed a inultifoenl reaction vvhicli 
may be tUie to the small blood vessels present in this location. 
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DISCUSSION 

This /irsi attempt to ioealizc cnzj'mcs in tissues by the use of gelatine- 
substrate films has proved successful and flic new method seems to present 
many advantages. Firstly, fresh tissue sections can easily be used in this 
method, thus permitting to localize several enzymes which arc inactivated or 
dissolvcrl by the treatments necessary in the usual histochemical techniques 
[4]. Secondly, the demonstration of enzyme activity is here directly related 
to changes in the substrate instead of being associated with the formation of 
degradation products. Tliis eliminates several problems encountered in the 
usual procedures such as suitable reactions for precipitating the end-prod- 
ucts in a visible form, diffusion of these products from their sites of forma- 
tion, adsorption on inactive parts of the tissue, etc. (2, 4, 5, 8], In addition, 
the method offers the advantage of being applicable to biological fluids. 
Since films of substrate can be used with solutions as well as with tissue 
sections, they may also find applications In related fields: studies on enzymes 
specificity, comparisons between cellular and purified enzymes, etc. 

A disadvantage of the method is Its lower resolution, as compared "ilh 
the cnd*producl precipitation methods which can reveal the intracellular dh* 
tribution of enzymes. A localization at that level could sometimes be achieved 
by the present method In special cases where the cells present a par- 
ticular arrangement. The studies on the small intestine, for instance, have 
suggested that active DNAase is contained in the secretory region of the gobUt 
cells and absent from their base. However, the method, in its present state 
at least, is not generally applicable to the cellular level. The resolution o 
the method depends upon several factors; the thickness of the film, the con 
ccntralion of the substrate in that film, the distance between the sections an 
the film, and the duration of the exposure. The composition of the semi-so i 
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satisfaclory for this enzyme which was thus Jocalized in the small intestine, 
pancreas and thyroid of the rat. The method appears applicable to the local- 
ization of other enzymes. 
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support for the sections is also important. It was observed that the addition 
of glycerol to the support greatly improved the precision of the autographic 
image, presumably by reducing the rale of enzyme diffusion. The results 
described above were obtained under the optimum conditions determined 
after series of assays. While the property of enzymes to diffuse through a 
thin film is actually the basis of the method, the optimum conditions will 
naturally be those which will minimize the geometrical affects of enzyme 
diffusion, a situation in many waj's similar to that encountered in radio- 
autography. 

The present approach, which has proved practical for localizing DNAase 
activity, is probably applicable to many different enzymes since suitable 
films of several substrates can likely be prepared. To visualize the unatlackcd 
substrate remaining in the film after exposure, any staining or other method 
can be used. This procedure does not need to be specific for the substrate, 
as long as the second component of the film, gelatine, does not stain by the 
same technique. Thus, the method seems to offer interesting advantages 
and should prove fruitful in various studies. 

In comparing methods for localizing enzyme activities In (issues, no men- 
tion was made of the use of fluorescein-labelled antibodies (7]. In that method, 
the reaction localizes the enzymes as proteins, i.e. does not distinguish be- 
tween the inactive and the active forms of enzymes, while the methods 
discussed above localize selectively the active fraction of these proteins. An 
interesting application of the antigen-antibody reaction might be its use in 
conjunction with methods based on the activity of enzymes to localize, by 
difference, the inactive or latent form of enzymes. 


SUMMARY 

A new approach to the localization of enzymes in tissues was investigated. 
The method is to place tissue sections in contact with a film of gelatine con- 
taining a substrate, to allow the tissue enzyme to act upon its substrate in 
the film and, after separating the sections and the film, to stain the latter 
for the remaining unaltackcd substrate. The latter is attacked in the regions 
of the film overlying the areas of tissue possessing enzyme activity and 
retained in those parts covering inactive areas. Comparing the negative 
pattern left in the film with the corresponding tissue sections reveals the 
sites of activity in the tissue. 

rilms made of deoxjTibonuclcic acid dispersed in gelatine were used in 
order to localize deoxyrilioniicleasc in tissue sections. The method proved 
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an attempt to find clianges dunng the earliest stages of tumour eroirth 
One striking change was found and is reported in this paper ; it is shown how^ 
ever, to be characteristic of normal tissue growth as well as neoplastic. 

METHODS AND MATERIALS 

Aniisera.^Two kinds of antisera were empIo 3 ’ed. ,For the first, 2 rabbits ^-ere 
injected wth plasma from rats ivith large, actively growing, primary’ sarcomas 
induced with benzpyrene. The citrated plasma -was emulsified in an equal volume 
of adjuvant consisting of 1-5 parts Arlacel A to 8-5 parts Bayol F. Four ml. of 
this emulsion was injected intramuscularly and this injection was repeated two 
weeks later. The animals were bled 11 days after the last injection. Ten 
months later a second antiserum was obtained from these rabbits after repeating 
the injection, this time subcutaneously. This last antiserum gave e.vcelleat 
discrimination between cancer and normal serum and was the one chiefly employed 
throughout the •work. It was given the abbreviation A.K.P. (for anti-cancer 
plasma). 


from a rat bearing a large transplanted sarcoma, were added Itl roJumcs oi 
antiserum. After incubation for 2 hours at S'® C. and overnight at 6® 0. the 
precipitate w'as centrifuged down and the supernatant used to immunize 2 rabbits 
in the manner described above except that inoculation was subcutaneous.^ A 
second antiserum was obtained from these rabbits some months later, after inject- 
ing an absorbed plasma obtained from a rat bearing a large hepatoma induced ^ 
feeding butter yellow'. These antisera w’ere given the abbreviation A.A.K.P. 
(for anti-absorbed cancer plasma.) , 

Animals. — All rats used were, unless otherwise stated, team a “ 
albino animals originally derived from the Wistar strain. They had been bitd by 
cousin matings, ilales were used almost exclusively. They were bled from the 
heart under etlier anaesthesia after - — f-r-urkn wrere of Various 


breeds obtained from dealers. They ’ ' . , 

Gel diffusion technique . — Ouchtei • ’ ’ ■ ' ‘ 

One per cent New Zealand agar, clarified and dissolved in 0-8 per cent 
buffered at approximately pH 7-3, was employed, Jlerthiolate at a concen ra i 
of 1 part in 6000 W’as incorporated in both the agar gel and in the * 

antisera. The petri dishes in Avhich the reactions were being carried out , 

in air-tight glass jars at room temperature. Two main types of 
the w'ells in the agar gel were used, one with three wrells (cf. Fig. 1), 
being placed in the bottom well and the two plasmas which were being P ’ 
in the top wells ; the other configuration wag a 5-well modifit»tion o 
with tw'o additional antigen W’ells added to form a square (cf ±ig. j" . 
for use in the gel plates were routinely diluted with 14 ^ris 
(4 per cent sodium citrate, I part ; 0-85 per cent NaCl, 4 Pj^rts), an luted 

parts of 0-85 per cent NaCl. Antisera were used either at full strei^t 
with one part of 0*85 per cent NaC3. No refilhng of the 'Tiie first 

Photographs were taken by ultraviolet light on blue-sensmve • 
photograpli of each plate was usually taken at 2 to S days, a ter 
experiment, a second at 9 to 11 days, and a third at 2 to 3 roon s. 
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It Avas shown in an earlier paper (Darcy, 1955) that it is possible to distinguish 
the blood plasma of tumour-bearing rats from that of control r«ats by means of the 
gel-diffusion technique of Ouchterlony (1948). This technique js essentially 
the precipitin reaction carried out in a gel. A strong precipitating antiserum 
is prepared against the antigen, in this case rat plasma (a mixture of antigens), 
and the two reactants are allOAved to diffuse towards one another through an agar 
gel. Precipitation of the antigen-antibody complo.xes occurs in the form of bands 
or lines, each of these representing one or more anligcmc components of the 
original antigen mixture. Ouchtcrlony’s method permits two such antigen 
miictures to be compared in such a Avay that it is possible to tell at a glance whether 
there is a component in one which is absent from the other or Avhether a particular 
component is in substantially higher concentration in one than in the other. 

The earlier study revealed several differences between the plasma of tumour- 
bearing rata and their controls, the most striking being : (1) The leading band of 
the normal plasma, i.e. the band that migrated in front of the others towards the 
antiserum, was considerably weaker in the cancer than in tho normal blood. This 
band has since been found to be produced by serum albumin, (2) In the cancer 
plasma this albumin band was preceded by a group of faint lines (designated as 
“ K " lines) which were not evident in the precipitin spectnim of the normal 
plasma. Their presence appears to be due partly to the receded position of the 
albumin band which thus “ uncovers ” them, ivnd partly to higher concentration 
or higher speed of diffusion of the antigens they represent. (3) A line present in 
the cancer plasma spectrum Avliich Avas absent from tho normal. The substance 
Avhich this lino represents could be made to appear artificially in the plasma of 
normal rats by ’ ■ ’ ‘ ' • * ' • . ’ ' ■ 

before bleeding. ■ ■ . ■ • • . . . 

to be in consiu^iuui^ iuner cuucuiicni . ■ 

higher. 

Tlio above chara9teristics Avero observed in the plasma of rats Avith woll- 
establishod tumours. They AA-erc not seen in animals bearing the IValker tumour 
until about 6 days after its transplantation. A preliminary’ study (Darcy, 
unpublished) has einco been made of human blood and has rev'caled e.xactly 
Bimimr changes In tho serum of ^Kiticnts Avith wen-established tumours. But 
®^nim from patients Avith early breast cancers Avas c.Kamincd none of theso 
uvftertntes from the normal AA’cro obscn'cd. Putthormoro sera from some non- 
neoplastic di-seascs slioAvcd changes very like those of aih’anccd cancer sera. 
Accordingly, in the present inA'cstigotion attention was returned to rat bJootJ in 
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RESULTS 

Discriminatory Power of the Antisera 

The first object of the investigation ■^vas to see whether the pattern of precipita- 
tion shown by the blood serum from an animal with an early cancer differed in a 
characteristic way from that of normal xat semTo. In practice, this amounted 
to a search for any asymmetry in the total precipitate pattern when plasma from 
rats bearing a 5-day-old Walker tumour implant was compared side by side wtli 
normal plasma. The first indication that any such difference existed was obtained 
when an antiserum against the absorbed cancer plasma (A.A.K.P.) was used. 
Pig. 1 shows the result. This antiserum gave a weak and simple spectrum of 
only 4 lines as opposed to the usual 20 or more. The absorption of the antigen 
used to prepare this antiserum had greatly reduced the number of its 
component antigens. The figure sho^ra no lines present on the cancer side which 
are not also present on the normal side. The only apparent difference is that one 
of the 4 lines (the second, counting from the antiserum well) is broader on the cancer 
side and extends nearer to the antiserum well. This indicates that the substance 
responaible for this line is in higher concentration in the cancer blood than in the 
normal. This not very striking difference was subsequently confirmed using 
other 5-day Walker tumotir plasmas and fresh normal plasmas. 

When the antisera prepared against the untreated rat cancer plasma (A.K.P.) 
were tested, one of them, too, gave a discrimination between 5-day Walker tumour 
plasmas and control plasmas. The essential difference was again a line in the 
spectrum which was stronger on the cancer side than on the control side (Fig. 2). 
In this case the difference was more striking. Other, less striking, differences were 
also noted and will be indicated later. It was clear therefore, that both types of 
antisera showed that there was a substance present in normal rat blood which was 
in noticeably higher concentration in the cancer blood. The magnitude of this 
concentration difference was found to be considerable (sec below). The question 
next arose whether the substance was the same with either antiserum. This could 
be tested by comparing the two antisera in a 3-well plate, with the antigen (Walker 
tumour plasma) in the bottom well. The result was a clear-cut “ reaction of 
identity ” or arc-formation between the two lines in question, indicating that the 
antigen that produced them was one and the same. For most subsequent 
e.xperiments the second antiserum (A.K.P.) was used because it showed the above 
concentration difference more strikingly (due to its higher content of the 
corresponding antibody) and could discriminate smaller concentration differences, 
and because it showed concentration differences in other antigens. 

Wall-er tumour I to 5 days old 

The next step was to find how early after implantation of the Walker tumour 
the above change could be detected in the animars blood. Ten rats were 
implanted subcutaneously with pieces of healthy Walker tumour by trocar, 
went^'-four hours later 2 of them were bled from the heart , another pair •were 
bled at 2 days, other pairs at 3, 4, and 5 days. The tumour grafts were examined 
at autopsy. 

The plasmas of all these rats showed a strong increase in tlie antigen, as had 
the 5-day tumour pbismas. Kcsult.s with the A.K.P, serum indicated that the 
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implants. One of the hosts bled at 4 da 3 's gave a cloar-cut positive (Fia C)* 
It had been noted at autopsy to have a much larger graft than its companion rat 
One of the animals bled at 24 hours showed a concentration of the antigen ^vhicli 
was intermediate between the normal and the W^alkcr tumour level. The rest 
were negative. 

Wound healing and tissue regeneration 

The last results made it unlikely that the phenomenon of the antigen increase 
was specific for tumour gronih and suggested tliat it was associated with active 
gro^vth of any tissue. To test this iiypothesis, regeneration experiments Mere set 
up. 

Ten rats had tlie left lobe of the liver removed and were bled in pairs at 24 
hours, 2, 4, 8, and 16 daj's. This W'os designed to cover the main period of 
regeneration. The mass of the liver is known to be restored by 14 days after 
partial licpatcctomy and the peak ofnu'tot/c activity occurs at between 2 to S daj s. 
Mitotic activity lias begun by 24 hours. The results were as folloM’s ; All the 
hepatectomy plasmas e.vcept the 16*day ones were positive; furthermore, they 
Avere strongly positive, except the I-day specimens and one of the 8-day ones which 
were relatively weak but nevertheless shoived considerably stronger concentrations 
of the antigen than the normal (Fig. 7). The IC-day plasmas were negative. 

The experiment was repeated for kidney regeneration. Ten rats had one 
kidney removed and were bled as above. The l*day specimens were positive, 
but weakly so. Of the 2-day specimens, one was weakly positive the other 
strongly. Both the 4-day specimens were moderately' strong positives. The 8* 
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induction it would appear. Stock albino rats'were implanted subcutaneously 
Mnth small pellets of 3 : 4-benzpyrene which normally gives rise to a sarcoma in 
about 75 per cent of the rats. The first tumours appear at about 54 months after 
the implantation. Six of these rats were bled at months when there was no 
trace of palpable tumour. All but one were negative in the gel test (i.e. showed 
no increase in the antigen). Five more rata were bled after 4J months. None 
had palpable tumours. All were negative in the gel test except one. This one 
was the only female present. Six more of these rats were bled at 54 months 
after implantation of the pellet. One of them had a small visible lump and another 
had a barely palpable lump around the pellet. Tlie remaining rats showed no 
evidence of a tumour at this time. When the plasmas were tested, those from the 
2 rats \rith palpable lumps, and plasmas from two of the otlicr rats, sheared 
definitely higher concentrations of the antigen than did the controls. But none 
showed very large increases. 


Control Plasmas 

The first experiments were earned out comparing the cancer plasma Tilth 
normal rat plasma. The normal was invariably negative, i.e., never showed a 
concentration of the antigen in any way comparable to that in the blood of animals 
with the Walker tumour. Various other types of non-cancerous control plasmas 
Were then taken to see if the phenomenon was cancer specific. 

Bandaged and Jed controls 

The previous investigation had shown that when rata were bandaged around the 
thorax and abdomen, and were not fasted before bleeding, a new antigen appeared 
in their plasma. It was important, therefore, to see wlicther this procedure affected 
the antigen under consideration here. Ten rats M'cre bandaged fairly tightly 
around the lower thorax and upper abdomen with gauze bandage, and over it 
plaster bandage about 2 inches wide. Another 10 were similarly bandaged but 
more in the abdominal region. Two rats from each batch were bled daily for 
5 dp'*" f'* '^lasmns showed a 

con - ■. I . • . . * higher tlian the 

con i* • ■ s ■.!•’,*. ring the Walker 

tumour, fasting before bleeding did not affect the antigen increase. 

Transplants of normal tissue 

To obtain control animals comparable with tlic tumonr-bcaring ones, a series 
of grafting e.xperimcnts wore performed in wliich various normal ti.«sues were 
grafted between rats of the albino stock. In the first experiment 10 rats wore 
grafted subcutaneously by trocar with piect*s of kidney from another rat. ISvo 
rata were bled out each day for 5 days thereafter. One of the 5-day specimens 
Was " positive ", i.e. it showed a concentration of the antigen ns strong ns one of 
the T\T*akcr Walker-tumour pln.smas. The rest were negative or cl.se showed 
Uicn'o-ses which could not lie declared significant by the present mrthcxl. 

Another 10 rats were similarly graftcil with ombrj'onic tia-suo, a whole 8- or 
0-<lay rat embrj-o Ijoing implant^ subcutaneously in each host by trocar. All 
tbo plasmas were negative in the gel test. TJie cx|>criment was then repentcsl 
using 10 to 20-<biy rat embryo liver in a volume comi»,amble to the Walker tumour 
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experiment, n 13-day Walker tumour scrum was examined and found to contain 
approximately 10 times'as much of the substance as a normal control. 

It could also bo observed that the concentration of the antigen which ra 
arbitrarily chosen as being " positive " (implying a significant difierenoc from the 
normal) was certainly not less than 100 per cent greater than that in any of the 
normal plasmas studied. 

Chameterization of the Antigen 

TliD first clue ns to the mtnrc of tho substance ivas obtained ;vhcn tests trere 
done on a sample of rat serum albumin kno\m to contain 4 per cent of a-globiilin. 
This sample was prepared by means of ether fractionation and kindly supplied 
by Dr. JIargaret Mackay, \Mien tested in the Ouchterlony plates it gave several 
subsidiary bands of precipitate in addition to the main albumin one. It was found 
tliat one of the subsidiary antigens gave a reaction of identity m'th the antigen 
Under study liere. It was presumed therefore tliat the substance u'as probably 
an a-globulin. Confirmatorj' evidence was obtained b 3 ’ means of the technique 
of immune-electrophoresis of Grabar and Williams (1 953). Here it tvas found that 
the substance appeared (o migrato with the a-globuHns, although the possibility 
that it might be a fast-moving ^-globulin coidd not bo entirely ruled out. 

A cliemicnl approach was then made to the problem, and at tlie suggestion of 
Professor E, Boyland, rat cancer senim was precipitated with sulphosahcylic 
acid, and the supernatant, after suitable dialj-sis, uas tested in the gel plafw 
It was found to give three bands, apart from traces of otlier antigens. One of 
the bands gave a reaction of identity with tJio antigen under study (Fig. 9). It 
can therefore bo presumed to bo a mucoprotein. 

Site of Origin of the Substance 

I’reliminary studies have yielded no clue ns to the site of origin of the substance. 
A saline extract made of non-necrotic, washed, and homogenized Walker tumour 
tissue contained no more of the substance than would be expected from the suwl 
amount of blood contamination still remnim'ng. The same result u'as obtained 
with an extract of well-washed liver cells of a pregnant female rat. 


DISCUSSION 

The present experiments were begun largely’ in the hope of finding ^nie 
characteristic earlj' change in the blood of cancerous rats which might 
diagnostic value. No antigeiuc substance was found in the plasma ^rats ^ an g 
early tumours which was not also present in normal rat plasma. ^ •_ 

striking quantitative difference is reported, namely, an anti^mc subs 
normal blood wdiich undergoes a large increase in concentration „ 

gro^vth. Tu'enty-four hours after implantation of the Walker tumour 
in concentration of this substance is appro.ximateJy five-fold. 
growing August tumour was emploj’ed no considerable increase too P 
between 8 to 16 days after transplantation. During 
the substance had alreadj’ increas^ in the blood when the earliest 
pr<»Q<»nt Further exnerimentation shoived that the phenomenon oc^c 

. ■ ■ • ' • . . . • 
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also in distinctly higher concentration in the moou ui - 

of 8-week-old rats. 
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day specimens were negative although one had a somewhat higher concentration 
of the antigen than the controls. The 16-day specimens were negative. 

Finally, tho experiment was repeated for skin regeneration. Ten rats were 
taken as before and a circular are<a of skin on their backs, 2-5 cm. in diameter, v’as 
excised in full thickness under sterile conditions. No sutures were applied but 
sterile iulle gras, gauze bandage, and finally tho protective plaster bandage. The 
plasmas w'ere tested as usual and gave the following results : 1-day plasmas, 
negative ; 2-day plasmas, one negative and one doubtful ; 4-day plasmas, 
positive but not strongly so ; 8-day plasmas, negative ; 1 6-day plasmas, one 
negative and one doubtful. 

As a result of this finding sham operations were performed as if for hepatectomy. 
This procedure caused a definite but not large increase in the concentration of 
the antigen. The maximum concentration reached was not as great as that for 
the dermatectomy experiment. Nevertheless it augg<^ted that a considerable 
port of the antigen increase in the nephrectomy experiment (wiiere the increase 
was only moderate) w'as due merely to tho laparotomy. 

Pregnancy plasmas 

As a further test for the hypothesis that the antigen increase was associated 
w’ith actively-growing tissue, plasmas were tested from rats wth pregnancies 
ranging from 10 to 20 days duration. All showed a very strong increase in the 
antigen— at least as strong as in the tumour blood. The weakest of the scries 
was from the rat -with tlio earliest pregnancy, namely 10 days (Fig. 8). 

Immature versus mature rat blood 

If tho tissue groudh hypothesis is true, it would be expected that the blood of 
young and rapidly-growing rats would have a higher concentration of the substance 
than that of adult rats. To test this, sera from rats, 1, 2, 4 and 8 weeks of age 
were compared in one gel plate. Four separate experiments were made. Each 
one sliowed that the blood of a 1-weok-old rat had a distinctly liigUer concentration 
of tlio substance than that of an S-wcck-oId animal. 

QuantUative Aspects 

It was possible to obtain a rough estimate of the increase in concentration of 
the substance under study by two method.s. The first AV’as to take a normal 
plasma and find how high a concentration of it had to bo employed in order to 
give a jirecipitate line identical with that in a cancer plasma used at tho standard 
1 : 14 dilution. Tho end-point was taken where tho tw'O lines were ns nearly a.*? 
possible equal in density, width, and distance from their own antigen wells. 
Wien a normal plasma was compared with a 1-day t\^ttlkcr tumour plasma in this 
Way, it was found tliat tho normal plasma had to be used in a 6 limes lughcr con- 
wntration than tho cancer plasma. Tho other method is one under development 
in this laborntorj*. In it, an cxtraneoiw “marker” line is introducwl into the 
Blicctnim at a fj.Tod point tiotwccn tho wcll-s. The position of tho lino under 
study is noted in relation to tlio marker line and compared with its |)ositlon in a 
series of slandnrtl dilution.s. This method yielded tho samo result as the first, 
and indicatCH that tho increase in concentmtion of the antigen under consideration 
is about five-fold at 21 hoursaftcr implantation oft he Walker tumour. In another 


(885) 



146 


D. A. DAROY 


tumour began to regress, ai;gijes against the cell-division hypothesis 

proposed earlier, but it may bo remarked (a) that besides the present anticen 
there arc other raucoprotoin components in rat serum which might be responsible 
for the high level and (6) it cannot bo ruled out at once that there is less overall 
cell-division going on in the body after llic tumour begins to regress— the activity 
of normal tissues, especially lymphoid and myeloid tissue, has to be taken into 
account. 


lackey, Anderson and JInclagan (1956) in a snrv’cy of the mncoprotdn content 
of gorum and urine report that high levels of these substances arc frequently found 
in inflammation and in the collagen diseases ns well as in cancer. Furthermore, 
surgical operations almost always produced a marked rise. In the light of the 
present results it is interesting to consider xvhetber this rise in human scrum 
mucoprotein might be due to one mucoprotcin only, so that if this substance alone 
could bo followed greater precision would result. 

A recent report which is of great itUercat in the light of present findings is 
that of Nissclbaum and Bernfeld (1D5G). These authors isolated the a-globulin 
glj’coproteina of the plasma of normal mice and tumour-bearing mice. The 
substances were studied chemically and physically and found to be distinct from 
one another. The protein preparation from the tumour-bearing animals behaved 
on electrophoresis like a nearly uniform substance over a wide range of pH, while 
that from normal mice was a mixture of Bovernl proteins. Tlie authors conclude, 
“ it appears likely that the a-globulin Isolated from tumour-bearing mice is one of 
the regular constituents of normal mouse plasma a-globulin, the concentration 
of which increase.^ during tumour growth ”. Tlio present findings in the rat are 
in liarmony •with thm statement. On the other hand the earlier suggestion of 
Hemfeld and irombcrger (1955) based on negative results obtained with normal 
and embryonic tissue grafts, that the increase of the plasma a-globulin is 
specifically associated with neoplastic growth, is opposed by the present results. 
It was found tlint if the growth of normal tissue was sufficiently vigorous, then 


positive tests were obtalnccl. 

Finally, there are one or two questions concerning the gel diffusion results 
that require discussion. The first is about certain assumptions made in inter- 
pretation of the precipitin lines. TIic assumption ^vas made throughout tha 
since the antigen under study gave a single line it was therefore a single substance. 
This need not necessarily be so. But since a •wide range of antigen dilutions 
failed to split the lino into comiioucnts, the singleness of the antigen must ue 
assumed until there is good evidence to the contrarj’. 

The other assumption was that if a line is found to be 
well than another lino ivith which it gives a " reaction of identUy , ® 

antigen responsible is in Iiigber concentration in the first case. This is ^ 
a safe assumption. However, if fho first antigen should be ^,i 

weight (e.g. because it was partly hydrolysed) and therefore diffused ' 

the other, the position-difference might obtained without any i 

of antigen. The author has had exactly this experience with the fibnnopn 
of rat plasma which had become infected. However, in tlm .. 

diffusing antigen would be expected to give a line of t^ridence 

appearance, if not a reaction of “ partial identity . Since 
for this, the more straightforward interpretation was assumed here. 

There were other antigenic changes noted in early tumour oo 
hoped to present a fuller study of these at a later date. 
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It seems very likely therefore, that the increase in this substance is associated 
vith active tissue grov*th rather than with a phenomenon such as tissue necrosis. 
Tor the necrosis hj’pothesis does not explain the negative results obtained with 
the majority of normal tissue grafts which certainly become necrotic. Nor could 
necrosis account for the positive results \vith pregnancy, regeneration, and 1 -week- 
old rat plasma. On the other hand the increase of the substance appears to be 
related to the grou’th rate of the various tumours and to the extent and duration 
of the growth of normal tissue. The results suggest that the fundamental correla- 
tion might he with the overall mitotic rate of the body. The number of mitoses 
in a Walker tumour at 24 hours after transplantation could well be as great as in 
a m\ich larger and later August tumour, or in a regenerating liver lobe. The 
faihjre to obtain a significant increase of the substance vith most normal tissue 
grafts could be explained by their relatively low growth rates and the small amount 
of tissue involved, The level of the substance in normal blood could be accounted 
for by the mitotic activity needed for norma! g^o^vth, maintenance, and repair. 
In short, the hjpothesis that the concentration of the substance in the blood is 
directly associated Anth the total mitotic activity of the body seems worth 
considering. 

It is more probable, however, that the fundamental correlation is with a 
secondary effect of tissue growth. Since the substance is apparently a muco- 
protein, it may be merely an expression of connective tissue activity. Connective 
tissue activity cannot be ruled out in any of the experimental situations described. 
In fact it is difficult to rule it out for any tissue gronih in vivo. It is worth observ- 
ing, how’ever, that the high level of the substance in the blood during liver 
regeneration appears to be out of proportion to the visible fibroblast activity. 
Tl\e actual laparotomy can only account for a minor part of the increase. 

The fact that the substance appears to be an a-globulin and a mucoprotein 
raises the question of its identity or otherwise with similar substances reported 
by other authors. Numerous reports are to be found in the literature of increases 
of a-globulins and mucoproteins in cancer and other conditions. Butler (1951) 

th ■ . . . • 

be ■ . ... 

m ' • • . 

appeared to be responsible for the polarographio behaviour (Winzler and Smyth, 
1948), and this protein appeared to migrate with the a-globuUns (Boyland, 
Butler and Conway, 1951). It appears Ukeiy therefore that the substance dealt 
with in the present paper may be the analogous substance in the rat to that 
dealt with in man by the polarographio method. How'ever, since sulphosalicylic 
acid deproteinization of rat serum left at least three antigens, only one of which 
undergoes an increase during tissue groivth and is the subject of the present paper, 
it seems that the gel diffusion mcUiod is more highly selective and could give 
more accurate results. 

Shetlar (1952) states that the polysaccharide content of the albumin fraction 
of scrum apx>oars to be elevated in all cases in which tissue proliferation occurs 
but ♦i>n* *i.rt 1 f 1 i -r J.U., fraction incrc.isM in fever. 

■■ ‘ ' ' I . itudying the serum mucoprotein of 

rats bearing on ascites tumour found that it readied its maximum after the 
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1. Introduction 

The early work on mutagenesis, mainly through the agency of radiation, seemed to indicate 
that the mutation process was random and indeterminate. This view is widely held hy many 
geneticists, and its history has been recounted recently by Muller (1952, 1955). Theanalj-sis 
of mutagenesis in micro-organisms, however, did not support the principle of random 
mutability. The work of Demcrec (1955) on Bscherkhm coli has revealed that the rate of 
reversion of several nutritional deficiency loci varied markedly under similar treatmeata 
with different mutagens. There was conclusive evidence also, that this differentisLespoose 
was a function of the genes themselves, rather than the cell environment, since there ^te 
no particular strains which were conducive to high, or low, mutation rates for all oci. e 
results witli Beurospora were closely parallel to those in bacteria. Here again t e ® ® 
back-mutations of different loci, or oven different alleles of the same locus, epen e 
the mutagen. This has been demonstrote<l for different radiations, such as ultro uo e 
X-rays (Giles, 1951), as well as for different chemical mutagens (Kblmark & Westerg . 
1953). That tlic dilTcrcntial response in Neunspora was a fniictjon of tlie 
shown by Kolmark (1953) on a double-mutant attain (adenineless and mositoU 
epoxybutane proved to be markedly more effective on the ademne locus 
The evidence for selective mutagenicity in higher plants and amma „ 
scanty, practically non-existent. In fact there were only ‘1*' ^ 

group (Gustafsson & Mackey, 1948; Gustafsson & Nybom, 1949); that the y W 
tions m cereals, especially barley, is dependent on the mutagen an ® 
ment. Quite recently, however, the work on iejded the first 

alkylating compounds and X-radiation (Fahmy & Fa my, various mutagens in 

decLve and comprehensive evidence for the if “= “^f^ntmtive fre- 

Brmophila. This phenomenon does not only manifest itself in 

quencies of the various types of mutations induc^, but is som i^ ^atthe 

nature, being a speciBcity for certain gene '“f- 

'lV-mustard’derlvativeofphenyIa!amne(p-A-<fi(chloroethyl)a pb y 

effective in the induction of ‘visible- (morphologi^Uy “ff “““Irfed in the 

most of these visibles are ‘new’, in the sense that they have not been 
literature as induced by other mutagens. between 

The clearest differences in mutagenic effects, bow'ver. s 
chemical agents and radiation. In a recent paper jgeats as coo- 

outlined these differences on the basis of our results with the alkylating ag 
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SUBOURV 

An attempt has been made to discriminate the blood plasma of rats bearing 
very early tumours from that of control rats. Tlie method used was the analysis 
of plasma antigens by means of the gel-diffusion of Oucbtcrlony 11948). 

No antigenic substance was fmuid in the plasma of rats bearing early tinnours 
which was not also present in the control plasma. However, one striking quantita- 
tive difference is reported ; namely an antigenic substance in normal blood wincli 
tindergoes a large increase in concentration during tumour growth. ISventy-four 
hours after implantation of the Walker tumour this increase is approximately 
five-fold. MTxen the slow-growing August tumour was employed no substantial 
increase w-as observed until after 8 to 16 daj’s follouing transplantation. During 
benzpyrene carcinogenesis the substance had already increased in the blood when 
the earliest tumours were present. 

Further experiments showed that the phenomenon occurred in non-cancerous 
tats which possessed much actively-growing tissue, e.g. in animals regenerating 
liver, kidney or skjn, and also in pregnant females. The substance w'as found in 
distinctly higher concentration in the blood of l-wcefc-old rats tlian in that of 
8-week-oJd rata. 

The substance appears to be a mucoprotein which migrates electrophorotically 
with the a-glohulins. Its illation to similar substances reported on the literature 
is discussed. 

The working hypothesis is suggested that the substance is directly associated 
with cell-division. 

The author is much indebted to Dr. B. Cinader who carried cait the immune 
electropliorcals, to Trofesaoc E. Boylaud for advice on biochemical procedure and 
to Miss Teresa Scruton for outstanding technical assistance. 

Tliis investigation ^raa supported by grants to the Royal Cancer Hospital and 
Chester Beatty Research Institute from the British Empire Cancer Campaign, 
the Jane Coffin Cliilds Iktemorial Fund for Medical Research, the Anna Fuller 
Fund and the National Cancer Institute of the National Institutes of Health, 
U.S. Ihiblic Health Service. 
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Differential effects of mutagens in Drosophila melanogaster 2S2 

X-chiomosome has been compared with that of the same mutations induced chemiwUy 
in our own laboratory, as well as with Spencer & Stern’s (2948) data (Table 1). Because o{ 
the smallness of our sample of X-ray Jethals, the data had to be pooled very drastically, 
and it was thought that the most obj^tive way would be a grouping between the common 
marker used in linkage experiments for each set of comparisons. The marker genes in our 
experiments with both the chemically and radiation-induced lethals were: scute fjc), cut 
(c/), vermilion (v), forked (/) and carnation (car). These are the same as those ol Spencer & 
Stem (1948), except that the latter authors used cross-veinless (cv) instead of cat (c/). la 
comparisons between our data and those of Spencer k Stem (1948), we pooled the lethals 
between the common markers used in both sets of experiments, viz. sc-v-f'^ar-cenlro- 
mere. Needless to say that with such a grouping the relative frequency in the successive 
segments would be utterly objective and trustworthy, and completely independent of 
errors of placing within segments. 


Table 1. The disiribution of the sex-Unkei recessive lethals induced by the alhjlaling 
compounds and X'tadiation betiveen the localization markers 
GeneUcal map of Uie X-chiomosome 


Slutagess and (authors) 

AtkyUtiflg eompounda (rahmy & 
Fahmy, 1956a) 

X<radiatioa (Fatuo; & Fahmy) 

X«radiailoQ (Spencer &, Stem, 
294S) 

Alkylating eoupounds 
(wgroupm) 

Pooled X*radiation «lata (Fabniy 
a Fahmy; Spencer & Stem, 
1948) 


0-19-9 

200-32 9 

33 0-56 6 

172 1 

02 

tS2 

24 1 

16 i 

21 


lie 

80 

264 1 

182 

166 1 

101 


f ear centroosf® 


56 7-62 4 

625+ 

TcUl 

42 ‘ 

79 

867 

6 

3 

70 

.21 

15 

229 

42 

79 

567 

27 

' 15 

299 


Table 2. The significance of the variation in distribution {expressed in of the sex-hdd 
recessive lethals induced by the alkylating compounds and X-rodiotioifv t e 

localization markers {based on data in Table I) 

Genetical map of the X-ebromosotoe 


Comparison (and authors) 
Alkylating compounds and X'tadia- 


Alkylating compounda and pooled 
X-radiation data 


0-19 9 I 20 0-3S9 
4 663 1 945 

0 904 
1-096 


33 (t-56( 
0126 
OS84 
0594 


56 7-62 4 
0121 

0 023 
0 693 


' ceoiTomem 

63-5 + 

ToUlx* 

5170 

n 925 

0102 

1613 

1216 ' 

14 545 

16-10 1 

19 524 


? 

o^ois 


o-ow 
<0 001 


:t is convincingly clear from Table 2 that the distribution of ‘he 
tion-induced Bex-linked reoeBslve lethals is aigoificantiy different whiche'er d 
for the comparison. The greatest differences, on the basis of onr om ^ „ 5 jr 

and centromere ends of the chromosome. At the proximal end of the A-onrem 
the centromere, the chemical agenla induce more mutations than A-radi 
the distal free end the reverse is true, radiation being more effeetive. 
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pared to the radiation mutagenesis results available in the literature. The most obvious 
differences manifested themselves in the following respects: 

(1) The frequency, properties, and distribution of the chromosome breaks. 

(2) The mechanism of induction, and frequency of small deficiencies (involving up to 
10 bands of the salivary gland X*chromosome). 

(3) The ratio of 'visible’ (morphologically detectable) to lethal recessive mutations 
induced in the same sample of treated chromosomes. 

(4) The distribution of the genetically placed recessive letbals along the X-chromosome. 

(5) The phenotypic expression and genetic position of the visibles induced. 

In a note published in this journal, Stern (1957) has inquired into the degree of reliability' 
of the last two of our criteria for difference between mutagens, viz. those based on geneti- 
cal localization of lethals, and the detection of visibles. It would be of value, therefote, to 
examine whether any of the pitfalls he pointed out, could have affected our conclusions. 


2. Distribution of recessive lethals 

Stem (1957) has elaborated the well-known and accepted fact that heterogeneities 
of recombination do occur in linkage tests. It is equally known, however, that such 
heterogeneities can be reduced by adequate selection of gene markers, by the scoring of 
a reasonably high number of individuals, and by the use of optimal cultural conditions 
during experimentation. That is why, when we wanted to compare the distribution of the 
chemically induced lethals with the radiation mutations, we chose the Spencer & Stern 
(1948) linkage pattern, since their experimental procedure and criteria of accuracy were 
roughly the same as in our experiments. In both cases a five-point marker chromosome 
was used and a minimum of 200 males were scored for each lethal placing. Furthermore, 
like ourselves, these authors corrected the placings of their mutants in relation to the 
markers by reference to the standard map distances. 

Stern (1957) objected to the comparison of the distribution of our chemically induced 
lethals with the X-ray mutations, on the grounds that the chromosome utilized in the 
placing of the radiation mutations gave recombination values between the utilized markers 
which varied more markedly from the standard map distances than was the case in our 
linkage expenments. This is undoubtedly true, but it is highly doubtful whether this 
heterogeneity could have resulted in any serious artifacts of distribution, particularly m 
the coarser groupings of our analysis. Tlie average deviation from standard distances, even 
in the heterogeneous data of Spencer & Stern (1948), is 0T24 per unit recombination, with 
a maximum of 0-2 per unit, in the region ct> (l3-7)-v (33'0), It is hard to visualize how an 
error of that magnitude could be, (a) large enough or (6) unidirectional enough for a large 
number of the placed loci, to alter grossly the overall relative distribution of the chemical 
and radiation lethals among large segments (3 units in Tabic 6 A and 1 2 units in Table G B — 
Fahmy & Fahmy, 195G<i). 

It has always been realized however, that, the crucial evidence for the difference in the 
distribution of the sex-linked recessive lethals, under the effect of the radiation and chemi- 
cal mutagens, must come from our own laboratory with work undertaken on both classes 
of mutagens with our own stock and with the comparison carried out on homogeneous data. 
This is now being undertaken and has already been partially accomplished. So far sev’cntv 
X-ray sex-linked recessive lethals have been placed, and their distribution along the 
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did not ditfer significantly. Whether this situation holds true for the X-ray lelhals as well 
still remains to be seen. It would have been desirable to determine how different is the’ 
overall distribution of the corrected and uncorrected X-ray data of Spencer & Stem 
(1918) at different degrees of pooling. Unfortunately, however, the uncorrected data of 
these authors seem to be at present Inaccessible. 

3. ‘Visible* MUTATIONS ' 

The detection of visible’ mutations has long been recognized to depend to a large extent 
on the acuity of the observer. This large ‘personal factor’ in visible mutation work necessi- 
tates that the scoring should be undertaken by highly skilled workers with special apti- 
tude for the recognition of morphological changes and with many years’ e.vperience with 
Drosophila material. In comparative mutagenesis results based on ‘visible’ detection, it is 
essential to restrict the scoring of the mutations induced by different agents to a few 
workers, preferably one. That is why, when the discovery of the differential yield of visibles 
by different mutagens passed the stage of impression and approached the stage of reality, 
we restricted all scorings of ‘visible’ mutations to one of us only (M. J.F.). For technical 
convenience all the mutation experiments in our laboratory are coded, and uncoding is not 
undertaken until the end of the experiments with each particular mutagen. Often experi- 
ments with various mutagens are interwoven and undertaken simultaneously, so as to 
make it impossible for the observer to predict which treatment the scored flies had received. 
All these precautions make the ‘visible’ data published from our laboratory as objective 
as is humanly possible, and they obviously meet the requirements stipulated in Stern’s 
(1957) note. 

In view of the above remarks it is considered that the strongest evidence for selective 
mutagenicity is demonstrated by the differential yield of ‘ visible ’ mutations by different 
agents. The ratio of visibles to lethals induced in the same sample of treated X-chromo- 
somes varied considerably not only between radiation and chemical mutagens, but also 
between some of the different classes of the alkylating compounds themselves. 

Jlost of these compounds induce 1 visible to lOletbals. One exception is the A-mustar 
derivative of phenylalanine, which yields 3 visibles to 1 0 Jethals (Fahmy & Fahmy, 1956o}. 

A new compound, viz. 2-chIoroethyi methanesulphonate (Fahmy & Fahmy, 
to be most effective in mutating morphogenesb loci, giving an overall ratio of visi es o 
lethals of 4 : 10. For the very young germ cells which are most susceptible to the action o 
this sulphonate the ratio of the two types of mutations reaches unity. A sample o ^ 
mutations detected in the Fj cultures of Muller-5 tests has also been analyse m o 
laboratory and by the same observer. In three experiments with various doses o^ ra 
the number of sex-linked visibles to lethals were 36:167, 10:84 and 15.95, , 

overall ratio of roughly 2 visibles to 10 lethals. This is the same ratio as that asce 
by Spencer & Stern (1948) in similar experiments with the same radiation. 

Attention has already been drawn (Fahmy & Fahmy, 195Bo) to the ac ^ 
alkylating compounds seem to mutate ‘new’ morphogenesis loci which are * ® 
phenotypic expression and genetic position from those induced by other agen . 
tivity for ‘ new’ loci does not always go hand in hand with the overall effec (0 

morphogenesis genes in general. Thus while 2-chloroethyl methanes^phonate p 
be the most effective agent in the induction of visibles, it is less selective on 
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It would be desirable to compare our own data for X-radiation and chemically induced 
iethals for various degrees of grouping along the X-chroraosome. This is obviously not 
possible with the present small sample of X-ray Iethals, but will undoubtedly be under- 
taken and published later. It was thought worth while, however, to pool our X-ray data 
with those of Spencer & Stem (1948), and compare the overall results with the data on the 
alkylating compounds for the same degree of grouping as was undertaken in our previous 
publication (Fahmy & Fahmy, 1956a), i.e. in 3-unit segments. The data were subjected 
to theY test (Snutb, 1952) as before, and both sets of analysis are presented in Table 3. It 
is of interest to note that the inclusion of our sample of Iethals with that of Spencer & 
Stem (1948) has no pronounced effect on the degree of significance. This is further proof 
that the heterogeneity of the linkage data of the latter authors for the radiation mutations 
in comparison with our own data with the chemically induced Iethals is perhaps not worth 
the emphasis given by Stem (1957). 

Table 3. The distribution of sex-hnked recessive Iethals along the genetic map of the 
X-ehromosome under the effect of the alkylating compounds and X-radiation 
Genetieal map ot the X-«hromosome (in 3 unit scsmenU) 

Mutagena (and 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 SO 21 22 23 24 Total P 

autbon) 

AlkylaliMeom. ICO 10 18 17 17 9 D 23 33 20 10 21 18 17 27 22 24 29 32 27 27 26 26 7 567 

POMda (Fahmy &: 

Jabmy, I95e»> 

2-ttdiaUon (Spaneer 31 12 3 1 10 4 13 IS 10 11 6 9 16 7 10 6 11 11 19 9 4 7 4 0 229 

& Stem. 1948) 

42 18 4 4 12 6 15 20 13 13 10 15 17 7 11 11 12 13 25 11 6 8 5 2 299 

data (Fahmy St 

Another point raised in Stem’s (1957) note on linkage data concerns the effects of what 
he calls ‘ regional diffetentiaU in recombination* and how they might operate in producing 
artifacts of distribution in the process of correcting genetical placings to standard map dis- 
tances. Of course, his arguments do not hold at all when comparisons of the linkage results 
ate based on data pooled between the common markers used in placing experiments by 
different workers in the manner presented in the present paper. Yet, it is often desirable to 
make comparisons between the distributions of mutations placed by different workers with- 
out reference to the markers used. Most authors agree that in such cases it is satisfactory 
to give the position of the locus corrected to the standard map distance on the basis of the 
recombination values it gives with the marker genes on either side of it. As Stern (1957) 
points out, this procedure assumes that the variation in the recombination values occurr- 
ing m the localization experiment is evenly distributed over the region between the marker 
genes. While this assumption is probably acceptable if the region between the markers is 
small, it could, if incorrect, be serious if the distance between the markers is large, as is the 
case with some segments used in the lethal placings (v-f for example, covering a distance of 
23*7 units). It must bo pointed out, however, as Stem (1957) himself admits, that there is 
no experimental evidence whatever to help the assessment of the seriousness of regional 
differentials in recombination. Wc do know, however, that with the placings of the 
chemical Iethals undertaken in our laboratory this phenomenon could not have caused 
serious disturbances in distribution. It was ascertained that the overall distribution of the 
corrected and uncorrected sex-imked Iethals, even in the finest grouping tested (3 units). 



... S'r«;i:rr * 

tions; eight others have been eirmiiiated '''“''“‘'=<1 mttia dele- 

at a much higher frequency, but n-erc not r^utuT’ and two 
night were stable to radiation in samples 

13 reasonably adequate is shoivn by tL fact that iT ” ““ »f Mjnple 

intragenic mutations, as n oil as deletions for tu r , IZ “‘‘“tioa «f 

only eliminated. known loci, eacept ear wiiol, was 


Table 4. mtoMity oUpecifio ‘msihle’ loci under & effeot ofX-raiMoo 
Jlotation rate 

•New* per locua per r * I0-* MuUtionrate 


chemically 
notated loci 

V. J230 

Genetic 

DcHeicQciea 



Known loci 
(control) 


per locos pei 

rrxlO-< 

position 

00 

and deletions 

nutations 

Genetic 

position 

Deficiencies 
and deletions 

Point 

DUtstlOQI 

V. 638 

V. 1276 

V. 1243 

V. 1998 

V. 1255 

27 

41 

5- 7 

6- 3 

14-8 

1-24 

1-82 

1-27 

1-83 

5 

scute 

00 

1-74 

349 

V. 1287 

V. 1T26 

23-4 

29 9 

1-53 

- 

cut 

200 

523 

0-gT 

V. 1892 

405 

M7 


vermilion 

33 0 

0-7 

144 

V. 1523 

43-1 



tvovy 

41-9 

610 

349 

V. 2161 

V. 2100 

61? 

53 G 


- 

garnet 

444 

5-23 

438 

v. 2212 

V. 1225 

V. 2073 

59-1 

59-4 

61-0 

8-26 

J05 

«<2 

forked 

56-7 

067 

262 

V. 1663 

V. 1920 

64-5 

60 0 

0 07 

- 

carnation 

02 5 

3-06 




Tested sample; 
Dose range: 

P: 

30,000~80,000 chromosomes per locus. 
250(M250r. 

e3fiBbol for ‘risible* mutation. 




e mu a i ity of tlie same chemically induced and known visibles will be tested 
y e same tec nique under the effect of the phenylalanine mustard, and the full com- 
a a ueresu and theirstatisticalanalysis will be presented in duecourse. Nevertheless, 
It IS perhaps worth mentioning that in a sample of 50,000 X-chromosomes treated with 
, a y ating compounds and scored in Muller >5 and attached-X experiments, all the 

new visibles were detected at a minimum frequency of 2 and a maximum of 5. Most 
m Cresting js that car, which has not been mutated intragenicallybyX-rays in our sample 
(viz. 07,000 chromosomes for this locus), occurred 3 times in the chemical experiments 
(i.e. 3 in roughly 50,000 chromosomes). Also sc and a which are mutated fairly frequently 
Wit radiation have never been encountered in the chemical experiments. 

It can be safely concluded, even at this stage in our investigation, that the results of 
mutability at specific loci support the principle of differential gene response to mutageas. 

ley also indicate that the detection of a large number of ‘new ' visibles under the effect 
of the alkylating compounds is a genuine reflexion of the higher response of some loci to 

t compounds and, therefore,perhaps not entirely due to a higher ‘observational acuity . 
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than the ‘iV-mustard ’ derivative of phenylalanine. The percentage ratio of ‘ new ’ to known 
visibles under the effect of three alkylating compounds is as follows : p-A^-dj(chloroethyl)- 
ammophenylalanine, 80'3±2-0:19*7±2-0; 2-chloroethyI methanesulphonate, 68'5±3-9: 
31*5 ±3-9; 2;4:6-tri(ethyleneimino)-l:3:5-triazme, 59*9 ±4'2:40'1 +4-2. 

Practically all the visibles referred to above as ‘ known’ have been induced by radiation, 
especially X-rays. It must be emphasized, however, that the sample of X-radiation 
visibles recorded in the literature, or maintained in the private files of the radiation geneti- 
cists, is by no means a full list of all the mutations that can be induced by this agent. 
Actually as our own sample of X-ray mutations accumulates, it has become apparent that 
some of the ‘new’ visibles which are induced chemically can also be induced by radiation 
and must have been missed by the earlier workers. We discovered also some ‘new’ 
X-radiation visibles which were neither described by the earlier workers nor detected m 
our own work on chemical mutagenesis. These cases, however, are not sufficiently frequent 
to account for the fact that by the use of the alkylating mutagens we have nearly tripled 
the number of loci giving clear (rank 1 and 2) sex-linked recessive visibles (from 115 to 
more than 300) and that nearly two thirds of these have not been mutated by other 
mutagens including radiation, as far as can be ascertained. 


4, Mutability of specific ‘visible’ loci 

To test how fat the mutability of a locus is a function of the mutagen, we analysed the 
response of seventeen chemically mduced visibles under the effect of radiation. The 
selected loci were spread along the whole length of the X-chromosome, were most easily 
recognizable, and each has occurred more than once in the chemical mutagenesis work. 
All mutants were fully viable and fertile in the homozygous condition. It was further 
possible to combine these mutants in sets of 2-4 loci per stock without impairing either the 
fertility or the viability. Care was taken to combine mutants which do not show any 
phenotypic overlap. For the sake of comparison we simultaneously tested the mutability 
of seven X-chromosorae loci which are known to be affected (to various degrees) by radia- 
tion: viz. scute {sc), cut {ct), vermilion (v), wavy (wy), garnet [g), forked (/) and carnation 
(car). 

Females, homozygous fox the recessive visibles, or heterozygous for two sets of visibles 
one on each X, were mated to irradiated males carrying the normal allelomorphs, and the 
Fi daughters were scored for the different genes tested. The number of chromosomes 
tested per locus is given by the total number of daughters when a homozygous mother is 
used, and only by half that number when the mothers are heterozygous. About 30,000- 
80,000 daughters receiving the marked and treated X-chromosomes were scored per locus. 
A daughter could show one of the characters tested for, if the paternal X has been affected 
so as to carry: 

(a) a ‘visible’ allelomorphic to the marker, or (6) a ‘visible’ as above together with a 
lethal somewhere else on the chromosome, or (c) a deficiency or a deletion (in itself a lethal) 
covering the locus of the marker. Extensive genetic tests were undertaken to dif- 
ferentiate between the above three possibilities. 

Table 4 summarizes the results. The left half of the table represents the mutability of 
the ‘new’ chemically induced visibles, whereas the right half represents the response of 
the known visibles for control purposes. Of the seventeen chemically mutated visibles 
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MUTAGENIC RESPONSE TO THE 
ALKYL-METHANESULPHONATES 
DURING SPERMATOGENESIS IN 
DROSOPHILA MELANOGASTER 

By Dr. O, G. FAHMY and Dr, MYRTLE J. FAHMY 
Chester Beatty Research Institute. Institute of Cancer 
Research, Ro)raI Cancer Hosplul, Lon<lon, S.W.3 

htroductlon 

T" 

diffo 
of t; 

IS injected \vitli n singlo doso of q cliomical mutagen 
untl then its germ Juio is fractionated by repoAtod 
matings to euccossivo virgin females, tlio mutation- 
rate sliosra significant variations in the succoasivo 
brooda'-*. Since the B£K?fm used in the succoasiv© 
matings must liavo been derived from progressively 
younger germ colls at the time of treatment, tlio 
fluctuations in the mutation-rato have been attri- 
buted to diftorontial gonotie response of the atagea 
of sponnatogenesis to tlio action of the mutagon. In 
this communication it is intended to analyso this 
pattern of genetic response to the action of dUToront 
alkybmothanesulphonatcs, and to reveal bow far 
this oixolyaU helps m the elucidation of the mechanism 
of rnutagonesis. 

Brood Technique end Cell-Stage Utilization 
Tlio testis of an adult jDrosojjhita male presents on 
uninterrupted spoctnim of diiTercntiotion from 
Bpormatogonia through spermatocytes and spermatids 
to moturo sperm*. Any ottompt at fractionating this 
continuous germ lino into soparato cell stages by 
repeated matings is bound to bo very rough and 
apprcucjmato. Indeed, we liavo flhoTvn tbot oven for 
the samo mutagon and the samo strain, significant 
alterations in the brood-mutation pattern may occur 
in replicate exporimonts*. Nevertholoss, it was 
possible to trace most of the factore responsible for 
tbo obove voriotjons, and modify our tccliniquo so 
as to eliminato or reduce the variables. Beasonable 
consistency has been oclueved when great core was 
exercised m etandardizing the experimental method, 
both in relation to the animals themselves and the 
mating procedure. Wo therefore developed a standard 
brood toclmiqiie*** in our laboratory ond opplicd it 
for all the mutagens investigated. Tlio moles used 
were from tho Orogon-/v stock and were selected at 
an ogo of hr., and weighed 0-85i0'05 mgm. 

The compound under test was dissolved in isotonic 
saline (0*4 per cent sodium chloride) end injected 
mtra-nbdominally oround tho te.stes Tbo concen- 
tration injected was oa a rule xroll below tho Jy,X> &6- 
lovel. Each male received proctically the same volume 
of solution, which was 0*25±0-03 pi. Tlio treated 
males were ahvoys mated 24 lir. after injection so as 
to allow tho fljos to regain thoir vigour ond activity. 
Tlie fiactionation of the progeny into broods was 
* - ” ’-.—.old females 
. lay of treot- 

■ass cultures 

with a BOx-ratio of unity, 'fho cultures wore kept at 
a constant temporaturo of 25±1“ C. Under such 
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conditions, it has boon'shoOTV* that, pomejaeuktel 

in tho iirat four matings {'4 broods: 12 dij-s after 
treatment) hos been donv^ frorn post-meiotic germ 
cells (sperm and spormat/ds), whereas sperm uld/reJ 
in later matings (5th brood onwards : more than 
12 days after treatment) hos been derived from 
moiotic and premolotic germ cells (spermatocytes 
and spermatogonia). The mutations which have 
been scored in the experiments to be reported here 
are tho sex-tinkcd recessive Jothals and \i8ible3 
detected by tho 3IuIlor>5 technique. 



Brood-Mutation Pattern of tfte Allt/I 

Methanesulphonates 
The mutation jdeld of 

otogenesis under the effect of c^J , methyl 
phmiato(C.I?. 1628: CH,CH.OSOiCJI,)^d 
mellianeBulpbonate {C.B. ISiOj . 'teclmiqa^ 

been investigated by our /gnd Fig 1- 

and the results um mutation 

There is » convincing similarity m tho jjie 

jwttem of the two decressM 

general tendency is that the for both 

tho later the brood. ^ in spite 

compounds {curves A and B, Fig- 1). f^ur 

Ri.., >N-vvR.ai{>niRcant fluctuations in ckatly 

. . ■ ‘ vupr'' 

idth« 

, . ■ I to th« 

It th® 
g. 0 tho 

, tft 

foil in tlw mutotion-raty is ' -riie dpcreas®'" 

from a>8 first M tli« aaventh trooas 
the mutation-rate the later the j^at- 

fore, the younger the F'™ aho for the <?■ 
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5. Summary 

A sample of X^ray sex-linked recessive lethals has been localized by the same marker 
chromosome, and under identical experimental condition, as prevailed in the placing of 
the same mutations induced by the alkylating compounds, so as to insure homogeneity of 
localization. The distribution of this sample of X-ray lethals along the X-chromosome 
varied significantly from that for the chemically induced mutations. 

Differential production of visibles has been demonstrated by observations made by the 
same vrorker on coded experimental cultures. The ratio of visibles to lethals induced in the 
same sample of treated X-chromosomes, as well as the phenotype and genetic position of 
some of the visibles themselves, varied with the mutagen. Tests of mutability at specific 
chemically mutated visible loci under the effect of X-rays supported selective muta- 
genicity. 

This investigation has been supported by grants to the Royal Cancer Hospital and 
Chester Beatty Research Institute from the British Empire Cancer Campaign, The Jane 
Coffin Childs Memorial Fund for Medical Research, The Anna Fuller Fund and the National 
Cancer Institute, National Institutes of Health, U.S. Public Health Service. 
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residue, which is not used up in the alkylation of the 
cell constituonts, obuost certainly becomes inactivated 
(by hydrolysis) before the first sperm sample is dmwn 
in the first mating (within three daj's after treat* 
ment). The mutotion-rato detected in the successive 
broods would then represent the response of the 
genetic material of the vorious cell stages for roughly 
the same time of treatment. 2.Chloroethyl methane- 
sulphonate, on the other hand, because of its lower 


such circumstances, the biological activity would be 
earpected to rise os a function of the time'concentra* 
tion product, and it would be feasible to arrive at a 
situation where the mutation-rate would increase 
with the time after treatment, which is roughly what 
was found experimentally for the first llireo broods. 
From the third to the fourth brood, however, there 
is a significant drop in the mutation-rate. A four-fold 
statistical test for this drop (illustrated m Fig. 2 j 
for data see Table 1, dose 1-4 X lO-* Jlf, ref. 6) gave 
= 4-05, jDJ^.s=l, 0*040. This trough in the 
mutation curve at the fourth brood under the effbet 
of the chloroothyl ester probably indicates the end of 
the influence of the intra-ceUular ‘residual’ compound. 
If such an active compound was retained throughout 
the differentiation of the cells utilized in the fourth 
brood, they would bo expected to yield a higher (or 
at lea^ the same) mutation-rate as those recovered 
in the third brood, rather than a lower rato aa 
observed. It seems, therefore, that no appreciable 
amount of active ‘residual’ sulphonate remains in the 
germ cells more than 9 days after treatment. 

The moat outstanding difference in the brood 
pattern of ethyl methanesulpbonate as compared to 
the chloroethyl ester lies in the response of the early 
germ cells utilized later than the fourth brood. 
Tvhereos with the latter compound there is a sharp 
rise from the fourth to the fifth brood followed by 
the retention of a fairly high mutotion-rete in later 
broods, the ethyl eater gives the exact opposite — a 
^srp drop from the fourth to the fifth brood and 
then a sustamed low mutation-rate. Tho high 
mutation yield from the fifth brood under the effect 
of 2-chloroethyl methanesulphonate is probably not 
a function of time (that is, longer period of region 
between mtra-cellifiar compound and the cell con- 
stituents), becaiosa of the presence of the trough in 
the mutation curve at the fotuth brood. Two other 
explanations could, however, be postulated for the 
observed reversal of mutagenic efficiency on the 
early germ colls : ■ ' 

and cUfferential 
mdirect action 




aaconuury mutagen’ is produced in vivo which b 
most active on the early germ cells and which la not 
rormed from other alkyl methanosulplionates, includ- 
ing the ethyl ester. Evidence for tho setting in of 
mutagenesis through indirect actioa under tho effect 
of the chloroethyl ester is not entirely lachmf. 
Unlike the other sulphonates it gives a mutation-r&to 
which increases >vith dose only for the Ufer geia 


administered and the mutation yield. 

The time of production of the secondary mulagcn 
is not difficult to deduce. The peak of mazirasl 
mutability attributed to this agent occurred in the 
sperm sample utilized in the fifth brood. It » is this 
sperm saroplo also that the first S'isiblo’ clusters 
appear, in^cating that this sperm must have been 
derived from the latest germ cells which were capable 
of multiplication, aftef mutatmg by tho tre&tinmt. 
This means that the germ cells most responsive to 
the action of the secondary mutagen ere the latest 
epennatogonia, just before they start metamorphosing 
to speonaiocytos. Now, it ,is kno*?m that under our 


genetic effects of the eecon^ry routown can be 
entirely accounted for on the basis of 
n^ed for the responsive cells to complete oineren- 
tiation. In other words the secondary mutagen mu« 
have been formed, end produced S 

immediately after the injection of the chloroetnj 

"*^’10 ths chemical nature of tho 'I'S'Xi 


sulphonate under in ein condilioM " 

Uiet of the ethyl ester, m which c"® 
product would not be S-ethyl cystein , 
chloroethyl analogue. • m the 

CJdoroethyl cysteine has b^ “ySSfend Su be 
Chemistry Deportment of “hethw it 

analysed for mutagonicity, to 



secondary mutfl^j * * 

two mechanisms are not necessarily exclusive, ond a 

combination of them might actually occur. 

If tho hypothesis of direct action is to be adopted, 
then wo shall bavo to assume a very high grade of 
specificity between tho chemical structuxo of the 
mutagen and tho phy-sieo-chomcal state of tho 
genetic material during differentiation ; a specialty 
which IS upset by a change in tho alkyl group 
ethyl to chloroethyl. It must be stated at once t|wt 
there soems to bo no evidence vvhatever for such a 
high grade of specificity. On the whole, Bjkylatmg 
agents of the same chemical series have rougiuy 
comparable brood-mutation patterns. Among tho 
aUcyl-methancsulpbonates themselves, different com- 
pounds both mono- and di-functional (as regards tiw 
Bulphonoxy groups) gave cesentially tho samo cell 
Btage-mutation pottern. 


• . ■ “ , “that **' 

tuTB is that tho 

y the i-derivative) yields the chJo«** 

ethals, -Khich though not M ,» it «»«»< 

yl usti-. ia novortSoIcre tto n»««‘ 

■iruMtorfs’ so far (ihroyB 

notobolite) under the ‘ »»“ '.7 

honemilphonoto we 1“" 

ten. for (luoroetliyl ,inoia>d I*- ''' 

T-rir.f)SO.CK.|. TIm 1*“" 
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i^riw, im^poctivo of whrthor tho moloc'Jo «» mono* 
or di'fuiwtiotml nii ropanU tlio Bulphnnoxy proups. 

Kniin tho nbi)\*o nn<l from 

jirevimi'* c'MMidiTutionn iw ropnnln ibc «»f 

utilitAtion of tlio iitnpn of tlu> jn-nn loio in our 
«tan<lftf\l LnxHl tcchmq>u*, the following concI>mon 
vmofgw*. ’Hk' nlkjl mcthanptiulplionrttw* nri' mml 
on tlio Ifltor utop-fl of BpcTrriino{?*n'^»' (•jw'nn 
And lAto*t iponnAtidji) ; tbo rwpouAo docrwwiM the 
o<vr!ior llio •Wpo of gorm evil ditferr-nlirtlion, lUiniwt 
reaching tho control level Among the r.irli<r<t genn 
celN, the *p^'nnntog'mm. 

llie yicitl of tlio pox-hnkc'l reco^«t\e vi^iliW tn the 
mecwive bnMnU umler tlio cfTwt of tho nlkyt 
Tncthaiwulpliunftlo^ foUowi* i'««'ntii\lly the Mmn 
trend aa tho lethnla (Tnhlo I). l.tkrwj*o. tho mioftn 


gruitiH in «otcr cxpu-wotl iw i. x ln*» nt 37* C*. 
nrt* ; 164'S for tho i-lhyl t'atvr, lui romiKvrrd tu 2*1 
for tho vhlorttoilnl crtcr. giving rt mtio of tH-7 : 1. 
rjtpirwaoil m Another Mnj, ni'nrly i7 i*or ctmt of 
rthyl tm'tluinitoilphonAto in hydrul^mal in wntor nt 
3“* m hr., wlionxm imly 2u |>rr cent of Uio chlom* 
ethyl enter n lijitrolywl under the name cotidiliona 
m Itt tlAyv; the tldonnc atom i» not nppttxriahly 
hytInilyiKx! under the nbovo ronditionn. While it in 
fnlly nuliznl that in ritx» the ri'lnliw nwtivity of 
tlio two mtlplmnaton may Ixt diffi’niil, duo to difTen-n- 
lial exrrrtioii, detoxiiAljoii and other hioehetmenl 
faetom, yvt it in virtually certain that S-chliinx-thyl 
methanonulphonnto m retained in the living ti*»ue 
m All Active (iinhydrolyiKtll atata for murli longer 
timti ethyl ntethnnmdphonnlo. 



Mil latent nivnoatiiU giv « th'* highent y leld of viubW 
Ilia ovemll ratio of viKibW to |ethal<i hIiowh eome 
vanatiou among the variotM etilithonaten. Vor Ijoth 
the mono'functioiial metlmTieaidphnnati'n (the ethyl 
Mdmcthjlet,ierH) thin ratio in 0-2C ± O-OI (TnVo 1) 
Btgnificantly’ higher than for tho 
J|*'^^J*M«m1phcnoxy) olkancn, where it m 0-J2 i- 
0-02 {b*»o ref. 5), It in tg bo notcvl tbol ibm mtio, 
even for tho monnonctbanonulpbonatofi, in lower than 
tJiat for 2-chlorocthyl mclhancMilphonato tC.U. IGOO), 
wluvh gjvcfl un overall ratio of 0-42 ± 0-02 (nco 
rof, 0). 

Mechanism of Mutagenesis under the Alkyl 
Mcthanesulphonatcs 

^ ^■cviit v'muiumicatvon* wo dweeUd altcntwii 
t? tliat for 2-ehloroethyl Pra*thnnrRwlphoiiaU*, 

t le highest inutagcnio respons** w as m tho v cry enriy 
germ cells (ntih^ more than 12 dayn After treat- 
ment), and th® lowest was in lunturo si>erin. Thin w 
t le reverse situation to that provlucevl with vtliy) 
metlianc8ulj>honate, or iiidecil any other mono- or 
I ^‘^^hancsulplioiiate so far investigatotl m our 
laboratory, where tlio maximal ofTect m on tho later 
germ^ce^ By way of illustration wo have given in 
'£• - tho actual experimental curve for tho brwul/ 
mutation-rato imder the effect of ethyl inetliano- 
T ♦ (curvo A, based on Table 1) ami conii>aivd 
I to tliat for roughly the samo mjectifvl molar 
^ncentration of the cliloroethyl etiter (curve D, 
aaod on the previously published data*). 

„ chemical point of view, both ethyl and 

--cliloroethyl mcthnnesulphonato are potential alkyl- 
'“R Agents, but the chemical reactivity of tho 
suiphonoxy group is much higher in tho former 
impound. The data of Pavis anvl Rosa’ show tliat 
ni tilro tho hydrolysis constants for the sulphonoxy 



Tho Above differenco in the chenucal reactivity of 
tlio two sulphunatcs may explain some of tho differ- 
ences u» tlicir brood -mutation patterns (Rig. 2). Hie 
mudi higlier nrototion-rato induced m tho sperm 
by etliyl metliancsulphonate (as compared with the 
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I^s in tho F,. but with no phenotypic deviation, 
not classed os wsibles nor included m the lethal 

Tho restilta are 8ho^vll in Table I and represented 
pwplucolly m Tig. 1. Broods I-I\' and \'X-IX are 
taken together, sinco tho comparisons to bo made 
aro betB-oen post-rueiotic mutations I-IV, and pro- 
roeiotm mutations VI-IX. Brood V is not mcluded 
in either smeo overlapping may occur here. The 
yield of 2nd chromosomo Jetbals is approximately 
double that of sex-lmked Icthals for the first-four 
bfoot^, A two by four contingency table of the sex- 
linked and 2nd chromosomo lethala in the first four 
broods gives a value ofx* « 2-5); v = 2; B = 0'25- 
thus there is no indication of heterogeneity throiigli! 



AUTONOMOUS ACTION OF 
LETHAL MUTATIONS INDUCED IN 
THE GERM CELLS OF DROSOPHILA 
MELANOGASTER BY 2-CHLORO- 
ETHYL METHANESULPHONATE 

By C. E. PURDOM* 

Chester Beatty Research Institute, Institute of Cancer 
Research. Royal Cancer Hosplul, Fulham Road, tondoa. S.WJ 

I N young Drosophila raoloa the sperm to be utilized 
for successive broods of offspring comes from 
successively onrUcr stages of spermatogenesis in tho 
testis, from mature sperm to early spermatogonia. 

Following treatment with a mutagen, the pattern of 
effect measured m buccobswo broods wiU bo a reflexion 
of tlio sensitivity of tho vonous germ cell stages to 
the action of tho mutagen. 

TJio mutagenic properties of 2-chlofoethyl methane* 

Bulphonate (C.fl. 16Q6) have been studied by Fahmy 
ond Fahmy*, who found that the ratio of sex -linked 
recessive visibles to lethals rises in the later broods, 
from 0*36 in broods utilizing sporm from poat-rooiotic 
colls to O-fl-l-O m broods utilizing sperm from pre- 
moiotio colls at the time of treatment. Tliree possiblo 
explanations of tho phenomenon may bo listed. 

(I) Tlie mutagen may have some specific oction 
on the visible loci concerned. This presupposes some 
common chemical pcoportlos of tlie visible loci os a 
whole as compared to the lethals os a whole and also 
leaves unexplained the difference between pro- and 
post-meiotic cells. 

(2) The mutagen may induce more ^pomt muta- 
tions' in tho pre-meiotic colls, 'fliia would produce 
an increase in tho visible to lethal ratio, since m 
larger areas of cliromosomal damage, the locus with 
the earliest action* would bo tho definitive one, 
masking the presence of others, in this case, visibles. 

(3) Essentially the same pro/wrtions of tho 
different mutations may be produced in all cells , 
but some of tho lethals induced m tho pre-raeiotic 
cells may act autonomously, killing the cell before 
it produces sperm, thereby increasing the observed 
proportion of visibles. . _ , , , _ , 

Tills present investigation was undertaken to . . ■ . • 

exaraino the last possibibty, that tiio mcroaso in the . 

ratio of visibles to lethals was produced by adverse Tho exceptionally low incidence of visibles m brood i 
selection m the gorm Imo against lethals functioning m the present exporimont is probably not signific^t. 
autonomously. • -*■ 

Approximately 0-2 pi. of a 0-2 per cent solution 
of CM. 1506 m 0*4 per cent saline was injected into , . , • ‘ ’ * 

' —V— «tock), fate of cells homozj^us or hemizygous tor a letnsi 

, , . I were mutation, arising by eomatto croasing’OVBf or non- 

• on of ibsjunction in •\nablo heterozygotos, and found that 

miita- even single cells eurrounded by normal tissue die. 
tions Xothals were scorod as cultures contammg no Similarly, Gloor’ demonstrated that some letlml 
non-Muller-5 males at all m tho f , and confirmatory factors function autonomously in male genn coils 
F, for the Box-hnked data, and no Cy+/B+ flies in transplanted into genetically normal hosts, the gem - 
the Ft ond F* for the 2nd chromosome data. Visible rells not developing beyond tho stage they norraaUy 
mutations were scored m tho sex-linkod exporuawit . .... 

only, and scored as mutations producing any non- . . • ' 

Muller-5 males wluch showed any deviation from the .... 

Oregon-E phenotype. ‘Semi-lotluila' which produced ■ ■ ■ 

a marked reduction ui the numbers of wiU-typo n . . 


FIr. 1. Ttia brood pstlcro of jr.chromMCioia lethal) and 
•etond ehronceonie lelliat) tOi, isducrd by S-eblowtliyl 
meUiane.iuiphoiutr 

out these broods. For broods I-IX (except I’ll) 
X* *» 16-5 ; V « 8 { P * 0-01. This mdicates a con- 
siderable amount of heterogeneity in the results 
which must be due to the increase in the ratio of 
autosomal to sex -linked lethals in the later broods, 
the value 5-3 for broods VI, VIII and IX bemg well 
outside 3s for broods I-IV, tlie ratio being I 9 ± 
0*33 (Table 1). 


• Gordon Jicot> Fellow. Royal Jramlen Ilo^ptUl. 


8U{^rt. Tho second is also untenable, suioo u luwiu 
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inw liiw vlu’inlful (nvmo hyilrotyi«M-n»U') 

N tJio cWoroclIiyl wlcr, but wouM not iw* cx^v^tM to 
nxlupc i>i tnro n hipl»t}*rfncli%‘o 'irm*tnM'. The mutn* 
io» jKvik nt llio liftJi ImHxl wliicli whli l!io 

lilorocthyl wlcr, nncl whIcJi Iim Uth nttribut<^l to a 
trojiu wcootlftrj* jm«tApni (prwmnmbly » 'rtuwlord') 
^oulii itot, llim-rure, occur willi tin* nuunwlhyl wtor. 
lio pnncticfll rrmilM i»<» far obtflinM (lo U* ilotnilcil 
Ucwhcrp) confonncti >»ith tho hioclicimcal ox|K'cto* 
Ion. Untlor tlio cfTt'Ot of fluontcthyl rnctluuio. 
ulphonato tlio inutnlion*ret<» incn’iwcd for tbo first 
bio Irootlfi {rcncliing rouphly JinJf tlio mto imlticcU hy 
he same moUr conccntmtion of llio diloroclhj 1 cetcrj 
nil then ImTlIivl ufT into a pintonu until tha hovciiIIi 
'rood, nicro can scftrady Lo uny ilonbt, ibcrvroro, 
hat the hiRh niul«cvnlc rwnK*nBi» of tho early penn 
olb under tho effect of 2-c}iIur^)cthyl tnctlinire 
ulphonato is im mdiention of tho funnAtion of u 
ocondnrj', luRhly Active inutnprn. An ottnirtjvv 
>roporty of thU mutogtat is tw |>ot<*nry in tho mduc- 
lon of 'vislbloa*. It in, tlicroforv, bopcii that iU 
nwtwful identification and nj'nthttiis mlgiit «oU 
wivido un with an agent highly acli'clivo for the 
nducllon of tlua cIa/« of mutation. 


\\> w»h to thank I’rof. A. IladdoM*, Prof. K. nerpol 
And I)f. \V. C. J. ItoM for their inleroit nnd sugRca- 
tinn<. nnd our r»)n**opue7« of tli" rjiemictrj 

Dopartmont of thin Instiltito for their helpful dis. 
cumion A« well im tho mtnply of tho mutagens, 

Titm invtwtipiilimi has l>ocn pupixirtotl by grnntA 
to Iho Itoyn] t'anrer Ilooiiilal and Clicatrr Itcally 
Itcfirarch Institute rn>in tho Jirithtli ihupiru Cancer 
Cami«ign. tho Jano CofPn CJtilds .Memorial Fiiml for 
Mctbcat Itosoarch, tho /Vnnn Puller Fund and tho 
Nntiimat Caneor Instituto, XntionnI Imtituti'^ of 
Henith. U.S. Piibtio Ilcaltli Service. 


• Wet. M. 3^ t»4 0 O., J'txr. Itaf. *v.. II, 14«. 55« (1»M) 

• raamr. o. n . anj r^imr. sr /..j.cnvf ss.msoMi). 

■r4hnr,0 0..u4r«hni)’ M. J . J. G^.. U. U3 

• r*l»mT. O. O . ui4 r*hmr. «. J . n.llC.t*. Afiouil llcpnrt. *9. SO 

« r4hmr. O. fl. and rslimj-. M. J , J. Givf . St, H6 (lOSfl) 

«r*htpr. o o.. aM si. 3 . .vtiwff. xrt, wa (loso. 

• D4«t«. Rom. \r. r. 3., t^fsrvul enfnmutilratlan 

•Rnterl*. 3. 3.. W«r«lrk. 0. r., .Satnn. (179. tilt (I0S7)) 
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Tumor Progression 

Guest Editorial 


The belief that, once a neoplasm is initiated, its 
characters are fixed for all time is losing ground 
but still lingers. The analysis of sucwssir'e steps in 
neoplasia has been slow and difficult. The sig- 
nificance of many lesions reported as “prccancer- 
ous” is uncertain, and the wildly disparate assess- 
ments of the importance of such conditions us 
gastric ulcer and cj'stic mastitis as precursors of 
cancer are notorious. Although experimental 
pathologists enjoy the immense advantage of 
being able to induce tumors at will in a var/eli' of 
ways, they face two of the same major difficulties 
that hamper the study of tumor development in 
man: one ts distinguishing between collateral and 


and nomenclature o£ morbid histology by them- 
selves are not good enough. The behaidor of tu- 
mors under varied conditions and their reactiv- 
ity or responsiveness to e,xtrinsic stimuli yield 
clear evidence of progression through a sequence of 
steps. Progression is defined as the development of 
a neoplasm by way of permanent irreversible 
qualitative change in one or more of its characters. 

The first step in neoplasia is a permanent quali- 
tative change or progression; it does not necessari- 
ly entail proliferation of the cells or distinctive 
histological change, but the reactivity of the cells 
is altered. As early investigators found, the tarred 
skin of mice changes irrevocably long before neo- 
plasia is distinguishable macroscopically or micro- 
scopically. In the tarred skin of rabbits latent 
tumor cells— cells in a subthreshold neoplastic 
stale, according to Rous — come into being quick- 
ly, but they do not multiply unless stimulated by 
promoting factors which by themselves are not 
carcinogenic. The tumors regress when the 
stimulus is withheld and recur when it is restored. 
The latent tumor cells have a permanently aUcred 
reactivity; they respond to noncarcinogcnic 


stimuli by neoplastic growth as normal cells do not. 
The resulting tumors are conditional, being de- 
pendent for their growth on external slirau/ation. 
Some of them are papillomas and are benign by 
histological criteria, but others, named c.’ircinom- 
atoids, are invasive and look like carcinomas. 
The character of conditional, dependent growth 
cuts across histological classifications. As JIuggma 
showed for cancer of the prostate in man, some 
tumors with all the marks of malignant carcinomas 
are nevertheless responsive to, or dependent upon, 
hormonal stimulation. Tumors induced experi- 
mentally by hormones arc often conditional, and 
so arc some mammary tumors of mice. The re- 
sponsiveness of these tumors to hormones and of 
chemically induced skin tumors to varied stimuli 
provides valuable indicators of progression, since 
the responsiveness usually changes and disap- 
pears. Genera) principles o! progression inferred 
from the study of natural and induced tumors in 
animals seem widely applicable to neoplasia in 
man. Two or three of them are especially relevant 
to current approaches to the management of 
human cancer. 

Different characters of a tumor undergo pro- 
gression independently of one another. Some 
mammary tumors of mice are conspicuously re- 
sponsive to the hormonal changes accompanying 
reproduction; they grow only during pregnancy 
and regress after parturition. Progression to an un- 
responsive state of continuous growth independent 
of reproductive activity occurs w’ithout progression 
in growth rate. Conversely, progression in growth 
rate can occur without change in responsiveness. 

I* . . i , • 

independent progression of characters leads to the 
inference that the structure and behavior of tu- 
mors ate determined by numerous unit char- 
acters which, within wide limits, are independent- 
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* 0r« group of 31 cultures M)*od 23 F, eaUnres (iOfrom asia^e fflalowlajch tras Infertile In all other broods has been elimlnateiL 
"i.; („■ - 2 r r, „ + O: r, . - 0 !7. 


‘point mutations' were produced in the later broods, 
the same proportion of autosomal and sex-Unked 
lothals should be produced throughout, and tlua is 
clearly not so. The third explaoiation fits the observa* 
tions. Developing spermatids and spermatozoa seem 
to be protect^ against the harmful effects of quite 
drastic genstical damage, since extensive chromosomal 
obcrralions which later produce dominant lethality 
^rsist in sperm nhich is still capable of fertilization, 
'vlwefore, the proportions of these lethal mutations 
and sex'linked visibles detected in the lato germ cells 
are a good estimate of the actual proportion pro* 
duced jn the cells themselves. The results show a 
Wrikmg increase in the yield of autosomal recessive* 
sex-linked recessive visibles against sex- 
imkeu recessive lethals in late broods. ITie former 
routations are both inef^tual when induced m pro* 
raeiotic cells j the autosomal lethals exist in the form 
of viable heterozygotes, the visibles are by definition 
finnOothal ; wlieroaa 8ex*linked lethals in tho iieroi* 
zjgous Btots may be eliminated by autonomous 
ertion. Since there is no evidenco that tho above 
vassoft of mutations are produced in difToroiit pro* 


portions in different chromosomes, tliroughoiit tho 
stages of the germ line, it must be concluded that 
the divei^enco in the relative yields of autosomal 
lethals and scx-lmked visiblos from sex-lmked lethals 
IS most probably duo to adverse selection ngauist titu 
latter by autonomy. 

1 wish to thank Dr. O. G. Falimy for his interest 
in this irork This investigation has been supportctl 
by grants to the Cheater lieatty Institute (Institute 
of Cancer Research, Boyol Marsden Hospital) from 
the British Empire Cancer Campaign, tho Jane Coffin 
Oulds ilcmonal Fund for Medical Research, the 
Anna Fuller Fund, and the ^Jationa! Cancer Jnititiito 
of the isational Institutes of Health, United States 
Public Health Service. 
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From the Cheater Beatty Research Institute 
(Institute of Cancer Research, Royal Cancer Hospital) 

London 

Changes in Ihc Male Accessory Sex Organs, 
and in Ihc Tcsics, Adrenals andiPiluilary, 
Associalcd with Ihc Growlh ot Animal Tumours 

By A. IJaddow, B. S. Horning, and Nancy Carlton Smith 

Taken together, the diverse effects of tumours upon the organism 
of the host comprise a topic which is as old as cancer research it* 
self, but it is one of which the fundamental importance has perhaps 


Wc arc familiar with specific effects on the host economy brought 
about by a large variety of so-called functioning tumours, as, for 
example, of the testis and ovary, the adrenal medulla and cortex, 
the anterior pituitary, the thyroid, the islet cells of the pancreas, 
and the argentaffin tissues,-*-to quote but a few. In such cases the 
effects arc due to the retention, in an unchanged or sometimes 
modified form, of some secretory function of the tissue of origin. 
As such they are perhaps not too difficult to comprehend, and have 
perhaps only special or particular interest, with no real general 
significance for the cancer problem at large. At the other e.xtreme, 
we are equally aware of the non-specific contribution to the clinical 
state of cancer cachexia, brought about by such factors os invasion 
and destruction of vital structures, anatomical obstruction, and 
secondary infection. There remains, however, the question whether 
tumours in general, and os a class, may not produce mucli more 
specific alterations in the nutrition and endocrinology of the host — 
whether by depletion or through the release of some toxic principle ; 
and, in particular, whether cancer cachexia may include some 
element more specific and elusive — and hence more important — 
than the somewhat incidental and mechanical factors already 
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ly variable and liable to independent progression 
and which can be combined in a variety of ways. 
The response to treatment depends on such char- 
acters. The term “malignancy” becomes dangerous 
if understood to imply an indivisible entity or 
quality. Many characters contribute to malignant 
behavior. The classical signs of malignant tumor 
combine variously with one another and with 
varied degrees of responsiveness to extrinsic 
stimuli. A tumor may show one or all of the 
orthodox criteria of malignancy and yet be condi- 
tional or responsive and amenable to treatment, 
whereas a tumor more “benign” histologically 
may be intractable. The histological distinction 
between “benign” and “malignant” is no longer a 
sufficient guide for therapy; responsiveness to 
hormones or chemical agents, not necessarily cor- 
related with histological structure or marks of 
malignancy, is becoming crucially important. The 
responsiveness is liable to progression which ulti- 
mately frustrates all or most attempts to control 
cancer by methods which fall short of complete 
eradication. 

The term “precancerous” has been applied to 
lesions of at least two different kinds, subject to 
different modes of progression. Some lesions al- 
most inevitably eventuate in cancer; progression 
advances along a predetermined path to a pre- 
dictable end-point. The characters of a malignant 
tumor develop by progression which is chnracler- 
isltcally gradual and inexorable. This mode of 
progression operates in many experimental tu- 
mors and probably in many tumors of man, for 
e.xample, those papillomas of the bladder that are 
rcco^izable from an early localized stage as 
destined to end as carcinomas. A different form 
of progression operates in “precancerous” lesions 
whose fate is not a foregone conclusion, advancc- 
ment to carcinoma being erratic and unpredict- 
able. Progression entails a switch of development 
into a new path rather than acceleration along tlic 
md path. New, more dangerous properties and, in 
effect, a new tumor come into being. This type of 
progression, characlcristically abrupt and un- 
p^dictablc, occurs in mammary tumors and 
chemically induced skin tumors in mice and in the 
development of carcinoma from intestinal papil- 
larj* adenoma or familial polyjMJsis in man. The 
dinercntialion of Ibis type of progression is im- 
portant Iwcause, although the experimental evi- 
dence Is inconclusive, there is u strong possibility 


that extrinsic stimuli may decisively control 
progression. 

The term “carcinoma in ji/n, ’’applied especially 
to localized lesions of the uterine cervix in women, 
seems W be creeping into use for comparable 
lesions of the lung and breast. The mode of progres- 
sion of the lesions to invasive carcinoma needs clar- 
ification. The recognition of these early steps in neo- 
plasia b important and welcome, but the terminol- 
ogy' is unfortunate. It carries the implication that 
the early lesions are carcinomas that have not yet 
invaded and differ from inv.asive carcinoma not at 
all m the characters of the cells but only in their spa- 
tial extension. This is probably untrue. According 
to present estimates, carcinoma in situ precedes 
invasive carcinoma by about 10 years. It is not 
easily credible that the lesions develop continuous- 
ly without qualitative change throughout this 
period. More probably carcinoma tn situ is not 
carcinoma at all but an early, possibly hormone- 
responsive, stage of neoplasia that acquires in- 
vasiveness and other malignant characters by 
progression at a time close to the onset of clinical 
cancer. 

Emancipation from obsolete restrictive termi- 
nologies and habits of thought is a prerequisite for 
the best direction of the renewed interest in the 
natural history of tumors and their progression 
through consecutive stages variously responsive 
to extrinsic stimuli and variously amenable to 
treatment. Neoplasia begins before it is recogniz- 
able visually. Some precancerous lesions are in fact 
neoplastic; their progression to carcinoma is ir- 
reversibly determined, although histological cri- 
terw of neoplasia are not fulfilled. The antitheses 
between “benign” and “malignant” and between 
“dependent” and “autonomous” are too rigid. 
The unit characters of tumors arc far more diverse- 
ly assorted than these terms allow; “malignancy” 
and ‘dependency” arc infinitely graded and 
variously combined. It is po.ssiblc, as long sus- 
pected by some, that the characters that most 
decisively govern the outcome of neoplasia and its 
response to treatment are as yet unknown. 

L. Fom.Ds* 
Visiting Scientist 
Lahoraiory of Pathology 
i\aiional Cancer Institute 
Dethesda, ilaryland 

• Prmanmt aildrftt Chrstrr P«itly Il^vafch Iml. fioial 
C«D<vr lIovpitA] London S.W 3, Knclan'J. 
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ably a factor in stimulating the sexual urge in the male. Secretory 
activity is hormonally regulated, and castration, treatment with 
mstrogen, or feeding on a diet deficient in the B vitamms, all 
induce marked atrophy, which can, however, be reversed by the 
male sex hormone (6, 6). The seminal vesicles are also of unique 
biochemical interest, witness the studies of Mann (7), who has, 
for example, demonstrated, in the boar, the secretion of inositol 
by the same accessory gland as fructose and citric acid (8). These 
glands are also of some interest as being only rarely the seat of 
malignant disease (9). 


Table 1 


Weights (g) in normal rats 


Carcase j 

Seminal restcles 

Prostate 

336 

0.750 

0.530 

235 

0.460 

0.195 

228 

0666 

0290 

220 

0.457 

0.270 

215 

0.396 

0.287 

100 

0.292 

0.165 

175 

' 0.284 

' 0.273 


Table 1 shows an entirely representative relationship between 
the weights of the carcase, seminal vesicle (and prostate) in normal 
rats of the inbred albino colony which has been used throughout 
in these experiments. With these may be contrasted the correspond- 
Table 2 


Weights (g) in rats bearing the Walker carcinoma 256 


Tumour 

Seminal vesiclca 

Prostate 

Carcase 

95 1 

0.063 

0.066 

190 

95 1 

0 093 

0.041 

170 

90 i 

0.089 

0.105 

200 

90 

0.080 

0.060 

188 

86 

0.200 

0.155 

224 

65 

0.045 

0.078 

165 

58 

0 305 

0.170 

340 

55 

0.048 

0.080 

115 

55 

, 0.084 

0.140 

140 

54 

0.105 

- 

152 

54 

1 0.140 

0.100 

204 

45 

1 0193 

0.145 

310 

28 

, 0.048 

0.082 

160 

25 

0.345 

' 0.200 

226 

15 

' 0.154 

! 0.180 

180 

11 

1 0.105 

1 

192 

10 

0.325 

0.338 

240 

5 

0J95 

0.120 

230 
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mentioned. The past few years have seen an increased receptiveness 
to such possibilities, and their very existence is ample justification 
for further search, in view of the bearing — ^perhaps more than 
theoretical — which the results might possess for cancer control and 
prevention. 

The present paper records an observation made several years 
ago, of which brief accounts have already been given in the Annual 
Reports of the British Empire Cancer Campaign (I), namely, of a 
profound degree of atrophy of the seminal vesicles m rats bearing 
a variety of tumours both transplanted and induced, an effect also 
accompanied by alterations in the adrenals and pituitary. The 
observation was incidental and unexpected, and was made in a 
curious fashion. During experiments to measure the inhibitory 
action upon the Walker rat carcinoma 256 of a number of potent 
cytostatic agents belonging to a series of so-called aromatic nitrogen 
mustards (2), it was noted that the weights of the seminal vesicles 
in the treated series were greatly in excess of those of the controls. 
A stimulatory effect seemed improbable, and on comparing the 
seminal vesicles in rats (a) bearing the Walker tumour, (b) implanted 
with the Walker tumour, the growth of which had however been 
greatly retarded by treatment with these cytostatic agents, and 
(c) without tumours, it at once became obvious that the explanation 
lay in a severe atrophy of the >csicles concomitant with tumour 
growth (group a). So far as we are aware, when this observation 
was made it had not previously been repor^d. Meantime, however, 
Begg and Stewart (3), and Begg (4) have recorded that the seminal 
vesicles of tumour-bearing rats are smaller than those of controls, 
and we understand that the phenomenon has also been noted by 
0. Mtlhlbock of Amsterdam (personal communication). Before pro- 
ceeding to describe the effect itself, a brief account may be given 
of the structure and function of these organs. The seminal vesicles 
in rodents arc elongated, hollow bodies with an irregular branched 
lumen and numerous outpocketings, and arise as evaginations of 
the dxictus deferens near its termination. Histologically, the struc- 
ture consists of secretory epithelial cells in numerous folds, and it 
is these cells — ^highly susceptible to great variation as their appear- 
ance is dependent upon age and many functional influences — which 
provide part of the seminal fluid. The essential structure is a round, 
cuboidal or low columnar epithelium with basal cells which, when 
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vided with a plexus of nerve fibres and with small sympathetic 
ganglia. The secretion produced by the epithelial lining accumulates 
in the cavity of the vesicle, and the resulting engorgement is prob- 
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tumours, revealed in the latter case conspicuous atrophy, the epi- 
thelium having changed to a low non-secretory tvpe, with marked 
increase in the fibro-muscular stroma {Figs. 1 and 2). 

Additional experiments were carried out to observe the effect 
of surgical remoi’al of the tumour on the behaviour of the seminal 
vesicles. As an example, a Walker graft in a 10- week old rat weigh- 
ing 120 g was excised when the tumour weighed approximately 
12 g. At laparotomy, the seminal vesicle were atrophic, contained 
little fluid, and measured 16 mm (Fig. 3) The animal remained in 
good condition, and on its sacrifice one month after tumour re- 
moval the vesicles were now seen to have the normal macroscopic 
appearance, being distended with fluid and measuring 21 mm 
(Fig. 4). 

Seffff and Stewart (3) had noted in tumour-bearing rats some 
atrophy not onlj' of the seminal vesicles and prostate, but also of 
the testes. In the present experiments, while mild degrees of testi- 
cular atrophy could be detected in individual tumour-heanng 
animals, there seemed to be no general trend in this direction, as 
is apparent from Table 4. Since the seminal vesicles are, however, 

Table 4 


^Veighta (g) of tho teates in normal and tumour-bearinf rata 


Tumour 

Tumour 

weight 

Testes 

weight 

Carcase 

weight 


0 

3670 

336 

controls 

0 

2.850 



0 

3.049 

215 


0 

2.055 

190 


0 

2.788 

175 


(48 

2.410 

223 


112 

2.365 

173 


95 

2.780 

170 


38 

3.280 

235 

R 48 rat 

64 

2630 

162 

sarcoma 

60 1 

2.600 

156 


1 41 

2.765 

199 


40 

2.215 

155 


24 

2.925 

162 


19 

3.100 

184 


95 

2.518 

170 

caremoma 

95 

3.019 

' 190 

256 

90 

3.153 

200 

65 

2.695 

' 165 


55 

1 2.600 

' 115 


65 

' S230 1 

140 


IS 

2.695 

180 


10 

3.222 

240 



bearing the Jensen rat sarcoma, a transplantable rat sarcoma 
induced by an aromatic nitrogen mustard (the bis-chloroethyl 
derivative of 2-naphthylamine [R 48]), primary rat sarcomata in- 
duced by 3,4*benzpyrene, and the Ciwker mouse sarcoma 180: 
that the same trend obtains in these cases also, is clearly shown in 
Table 3. Histological comparison of the seminal vesicles of normal 
rats and of those of the same age group, but bearing transplantable 



Fig. 3. the eeminal veBicles in a rat bearing the tValker carcinoma (at 
laparotomy). X4. 
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specially sensitive to nutritional and endocrine changes, and espe- 
cially to androgen depletion, it was necessary to look more closely 
for alterations in the structure of the testis, not necessarily shown 
by any change in organ weight. Accordingly, cytological studies 
were made of frozen sections of testes from both normal and 


tumour-bearing rats, stained with Sudan IV. At once it became 



ing ■ 

production of spermatozoa, being released into the lumina of the 
tubules with the mature sperm, but retained within the Sertoli cells 
in the absence of spermatogenesis. This present observation can 
therefore be taken as suggestive of an interference with testicular 
function in tumour-bearing animals, not however immediately or 
necessarily reflected in any change of organ size or weight. 

Coincident with the alterations already described, marked 
changes were obser>’ed in the adrenal glands of tumour-bearing 
animals, similar to those already reported by others. Table 5 

Table 6 


Adreoa! weights (g) in normal male rata and rats 
bearing the Walker carcinoma 256 


Tumour 
s weight 

Weight of 
adrenals 

Carcase 

weight 

Normal 

0.030 ! 

235 

controls 

0.050 

220 


0.064 1 

215 


0050 1 

190 


0049 1 

175 

95 

0.144 

190 

95 

0.316 1 

170 

90 

0.311 

200 

90 

0.165 

183 

86 

0.095 

224 

65 

0.100 

165 

58 

0.050 

340 

55 

0.251 

115 

55 

0.103 

140 

54 

0.092 

152 

54 

0085 

204 

45 1 

0.055 

310 

28 

0.082 

160 

25 

0.050 

226 

15 

0.075 

180 

11 

0 054 

192 

10 

0.059 

240 


0.045 

230 


(91.1) 




F/g. 0. Adrenal gland from rat bearing the U'alker carcinoma. Xofe pro. 
nounccd hyper®mia in both medulla and cortex (cf. Fig. 8J. X20. 



Fig. 10. Tranircrec aection of the pituitarj- gland of a normal rat, shoving 
the para anlertor, the para inttrmtdta and the poalerior lobe. XlO. 


Finally, attention has been given to alterations in the pituitary 
gland itself. Wicn related to body weight, the weight of the pituit- 
ary did not appear significantly to vary as between normal and 
tumour-bearing rate {Table 6). However, the pituitoty glands^ of 
the latter frequently show histological changes, mainly involving 


[ 916 ) 




Fig. 7. Illustrating the macroscopic difference id adrenal glands from con. 
trol rata (on left, two) and those from rata bearing the Walker carcinoma 
(on right, four). 



Fig. 8, Adrenal gland from control rat (cf. Fig. 9). X2(). 


illustrates the considerable increase in the ^yeights of these organs 
in male rats carrying the Walker carcinoma — ^most pronounced 
perhaps in the younger animals bearing the largest tumours. His- 
tologically, this increase in size and weight (Fig. 7) appears largely 


ectomised animals, suggested its possible mediation by stimulation 
of pituitary adrenotrophic hormone by the products of tumour 
breakdown. Kropp and McEu.'en (13) draw attention to the great 
lability in the histology of the adrenal cortex of rats bearing the 
Walker tumour, the relative abundance of cell types (eosinophilic, 
basophilic, and giant cells) apparently not being related to tumour 
size. 


( 915 ) 





Fig. 0. Adrenal gland from rat bearing the Walker earcinoma. Xotc pro* 
nounced hj^wrirmia in both medulla and corte* (cf. Fjg. 8). xJO. 



Fig. 10. Traniverac section of the pituitary' gland of a normal rat, show »ng 
the para anttrior, the para in/«rmrd«a and the posterior lobe. xlO. 


Finally, attention has been given to alterations in the pituitary 
gland itself. When related to body weight, the weight of the pituit- 
ary did not appear significantly to vary as between normal and 
tumour-bearing rats (Table 6), However, the pituitarj’ glands of 
the latter frequently show histological changes, mainly involving 
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Table 7 

Influence of teatoaterone propionate (9 daily doaes of 25 mg) 
UTOn the weight of the aeminal resides in rats 
bearing the M'alker earcinoma (cf. Table 2) 


Weight (g) 


Tumour 

Seminal resides 

Carcase 

U 

0.9 - 

195 

60 

0.9 

195 

69 

I.O 

200 

64 

1.0 

170 

32 

1.6 

190 

24 

1.2 

235 

7 

hi 

215 

3 

1.5 

220 

1 

1.3 

205 

0 

1.5 

190 


recorded the response of inbred strains of mice to androgen, as 
measured by the mitotic rate in the seminal vesicle epithelium. 

As for testosterone propionate, similar experiments were con- 
ducted to test the action of serum gonadotrophin, which likewise 


Table 8 

Influence of eerum gonadotronhin 
(British Drug Houses “Serogan”. 13 daily doses of 
KXK) international units) 

upon the weight of the seminal vesicles m rats bearing the 
W'alker carcinoma (cf. Tables 2 and 7) 


Weiglit (g) 


Tumour 

Seminal resides 

Carcase 

90 

1.3 

190 

07 i 

1.2 1 

200 

66 1 

1.8 1 

190 

65 1 

1.5 

180 

53 1 

1.4 

205 

42 

1.3 

195 

38 

1.3 

180 

36 

U 

170 

34 

0.8 

155 

25 

ij 

195 


compare Figs. 14 and 16). This result supports the observation of 
Begg (4) that while the seminal vesicles are sensitive to atrophy in 
tumour-bearing rats, they are still responsive to exogenous gonado- 
trophin ; and also, in part, the suggestion made by Begg and Slncart 




Fig. 13. HjBtoiogj' of tho para anterior of the specimen ehown tn Fig. 12 
(ci. Fig. 11). Note increase in chromophobe cells and decrease in acidophils. 


production through adrenal hypertrophy, although in tlm event 
a more pronounced effect upon testicular weight might also be 
expected. Experiments were however undertaken to test the effect, 
in rats bearing the Walker carcinoma, of simultaneous treatment 
with testosterone propionate. A typical result is shown in Table 7, 
from which it appears that the seminal vesicles underwent not 
atrophy but a considerable hypertrophy — still, however, probably 
less in extent in those animaU heating the largest tumours. The 
'resulting stimulation of secretion is scsen by comparing Figs. 14 
and 15. The effects of testosterone propionate on theseminalvesiclcs 
of the rat had already been studied by Porter and Melampy (16), 
measuring the resultont increases (in castrates) of wet weight, 
nitrogen content, secretion, alkaline, and acid phosphatases, and 
catheptic activity. Jtfcfompy and Catxtzos (17) also found that 
atrophy of the seminal vesicles in pantothenate-deficient mice is 
responsive to the male bcx hormone and possibly duo to a lack of 
pituitary gonadotrophin. Lastly, Chai and Mendelsohn (18) have 

142 








Fig. 14. Fig. 15. 

Fig. 14. Atrophio seminal vesicle from rat bearing the W'alker carcinoma. 
NoteinhibitionofeccretionandincreaseofthefibromuscuiarBtroina x 10. 


Fig. IS. Seminal vesicle from rat bearing the Walker carcinoma and treated 
with testosterone propionate. Note the abundant secretion and decrease 
in stroma (cf. Fig. 14). xlO. 

(3) that the presence of n tumour may produce a deficiency of 
gonadotrophic hormones. It is of interest that Greenberg and 
Ershoff (19) found rats deficient in essential fatty acids to exhibit 
marked atrophy of the prostate and seminal vesicles, and tliat 
administration of cither methyl linolcatc or chorionic gonado- 
trophin restored these organs to the normal weight. 

Lastly, following the observation of Moore and Pnee (20), that 
implantation of rat pituitaries prevents oestrogen-mduced atrophy 
of the seminal vesicles, experiments were performed which con- 
clusively proved that regular subcutaneous implants into tumour- 
bearing hosts of fresh pituitary glands from 10-weck-old male 
rats (27 whole pituitary implants in 17 days) also prevents atrophy 
of the seminal vesicles; the result being similar to that obtained 
by treatment with cither testosterone propionate or senim gonndo- 
tropliiu (cf. Figs. 17-19). 

Quite apart from a primarily endocrine mcchamsm, an additional 
h}'j)othcsi3 must be considered, namely, to what extent the tumour 
imposes a nutritionol deficiency on the host, thereby reducing the 
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sensitivity of the target organs to the normal levels of hormonal 
stimulation. The normal size of the testes in contrast with the 
accessory glands, and an obsen'ation that the I7-ketostfcroid out- 
put of rats bearing the Walker carcinoma does not differ significant- 


are concerned in the response of the male accessory organs to 
stimulation by androgenic Itormonc. Of special interest, Moore and 
Samuels (21) showed that a diet deficient in vitamin B produced a 
decrease in the size of the prostate and seminal vesicles of rats 
without a corresponding e//ect on the testes or on spennatogenesis. The 
accessory organs could be restored to norma! size by injection of 
androgenic or anterior pituitary hormone. Luticak-Mann and Mann 
(22, 23) have reported similar obscr\'ation3, that the secretory 
activity of the coagulating glands, prostate and seminal vesicles 
is greatly reduced in rats kept on a vitamin B- (and Bj-) deficient 
diet, the activity again being restored to normal by administration 
of testosterone propionate or chorionic gonadotrophin. lastly, 
Goldsmith, Black, and Nigrelli (24) have shovim that deficiency of 
a single member of the B complex, namely folic arid, can lead to 
the same result: folic acid antagonists fed for considerable periods 
to castrate rats produced a markedly decreased response of the 
acce&sory glands to testosterone propionate. 

In the present work, preliminary experiments to test the in- 
fluence of dietary supplementation with foUc acid (4 mg per rat 
daily) proved negative, or at the most showed only a slightly less 
degree of seminal vesicle atrophy than in the absence of supple- 

. ^ » .1 . I-. . *i.„ ..r 
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equal groups. Groups I and II ivcre fed a stock diet* and Groups 
III and JV a breeding diet* supplemented with J g Bema.v per 
rat per day. After three weeks on this regime, groups 'll and IV 
were implanted with the Walker carcinoma and the same diets 

* Stock diet: Bread 6 days weekly, milk thrice weekly, rat cake nuts 
iH'jce weekly, margarine, marmite. cod liver oil, dog biscuits, oats, each 
once weekly. Fresh water daily, 

* Brttding diet: Mash 0 days weekly, rat cake nuts twice weekly, bread 
twice weekly, msrmite, cabbage, cod liver oil, dog biscuits, oats, each 
once weekly. Fresh water daily. — Rot cole nut fomulo |%)i Fine bran 
17^4; ground wheat 17.4, Sussex ground oats 17.4, ground maize 8 7, 
ground barley 8.7, white fish meal 4.8, meat and bone meal 8.6. dried 
skimmed milk 14.0, dried yeast 1.2. salt 0 4. cod liver oil 0.4. - Mash 
formula (%): Scraps 50, soaked bresil 25. milk powder 6. casern 5. Beiuax 








respects but by no means alJ^to those produced bj a diet deficient 
in protein. There is, however, the farther possibility that the altera- 
tions in the host are due to the liberation of a specific substance 
or substances from the tumour itself: in an excellent review of 
malignant cachexia, J)on6van (2&) expressed himself as more 
attracted to such a view, than to an explanation based upon deple- 
tion alone. In this event, the changes described in the present 
paper could be induced tlirough a mechanism similar to — or con- 
ceivably identical with— that responsible (or what Greatstein (30) 
has called one of the established phenomena of cancer, namely, 
the depression of fiVcrcatalase activity concomitant with the growth 
o! many tumours in rats and mice. Here, the effect is produced by 


material may be present in normal tissues (33), it occurs there to a 


protein-like substance also with the capacity markedly to lower 
the liver catalase in mice, possibly by an interference with enzyme 
synthesis through binding to iron. In the present work, several 
experiments were carried out to determine whether the changes in 
the male accessory glands, and in the adrenals and pituitary, in a 
tumour-bearing rat, do or do not occur in a normal rat in para- 
biotic union with it. The results have not been reported In actail 
since they proved equivocal, hut it is of interest that Ludee, 
Berwick ana Zeckwer (43) were successful in demonstrating that 
the substance responsible for the depressionof liver catalase activity 
in tumour-bearing animals can so be transferred across a para- 
biotic union. These experiments, and others designed to soes for 
the presence of a substance in tumour tissue comparable with that 
responsible for catalase depression, are being continued. It will also ■ 
be necessary to relate the present findings to other somatic and 
biochemical changes occurring in the host at progressive stages of 
tumour growth — in organ weights and chemical composition (43, 
44) with special reference to lipid and water content (45-60); in 
normal mitotic activity (51), and in energy and nitrogen meta- 
bolism as a whole (52, 63). It is from such studies that we may 
expect a comprehensive understanding of all the influences exerted 
by a growing tumour upon the tissues of its host — whether general 
or particular, specific or non-specific, essential or not. 

Summary. 1. Growth of the Walker rat carcinoma 256 (and ol 



continued, witli the addition for groups III and IV of aneurin 1 mg. 
riboflavin 2 mg, nicotinamide 20 mg, pyridoxin 2 mg, calcium 
pantothenate 3 mg, and folic acid 1 mg, for each batch daily. The 
weiglits of the carcases, seminal vesicles and tumours (at 2 weeks), 
are shown in Table 9, from which it is clear that although atrojiliy 


Table 9 

The influence of high protein diet supplemented nitli the vitamin It complo.x 


Stock Diet 

1 Breeding diet and : 

Bupplemeiit 

Group I 

1 Group II 

1 Group III 

} Group IV 

C 

SV 

{’ 

\\T 

SV 

r 

SV 

0 

\\T 

SV 

(g) 

fg) , 

(g) 

(g) 

fg) 

lg) , 

(g) 

(g) 

(g) 

lg) 

180 

0.51 

225 

58 

0.15 

200 

0.51 

25.5 

.55 

0.24 

105 

0.76 

165 

48 

0.12 

180 

0.61 

265 i 

4K 

0.21 

105 

0.58 

180 

46 1 

0.12 

180 

0.45 

200 1 

45 

Oil 

165 

0.58 

130 

45 

006 

175 

0.79 


36 

0 33 

164 

0.45 

210 

37 

0.27 

175 

0.46 

225 

34 

0 26 

160 

0 67 

170 

24 

0.10 

175 

0.61 


27 

0.29 

160 

0.62 

150 

24 

0.05 

170 

0.42 

200 

14 

0.4.5 

155 

060 

160 

20 

0.07 

170 

0.45 

175 

10 

0 35 

140 

0.58 




165 

0.48 

230 

1 - 

0.74 

145 

0.35 




160 

0.64 





Abbreviations: CesCarcase; SV=SeminaI vesicles, WT^Walker tumour 


of the seminal vesicles has not been prevented by the sujijilementcd 
breeding diet, it is less pronounced than in tumour*bcaring rats 
maintained on the stock diet alone. 

Disettssion 

Wliilc the changes above described are of much interest in tliem* 
selves, further work will be required to determine more precisely— 
or, rather, as prcciselv as is feasible, on account of their complex 
inter-relationships — tfie role of liormonal and nutritional influences 
*in bringing them about. It is possible that the clinical state of 
malignant cachexia may be due to hypofunction of the adrenal, 
or to a pituitary-adrenal imbalance (25, 20), but in Begg'n view 
(27) the thesis requires substantiation, and would not, in any 
event, necessarily account for all tlic systemic effects observed. At 
the moment, some preference might be given to the view that the 
main underlying disturbance is nutritional, im|)osed by the growing 
tumour on the tissues of the host, and leailing to sccomlary changes 
in the susceptibility of many target organs to endocrine control. 
Such changc-s can without doiifit bo cvokoil by nutritional deple- 
tion, and the depleting cffoct.s of tmnsjdanted tumours in the rat 
have been likened by AlU^on, Brrn^tcin and Bnh^nu (2H)— in vinie 
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certain other tumours both transp/anted and induced) is accom- 
panied by progressive atrophy of the seminal vesicles, and, to a 
somewhat less extent, of the prostate. 

2. While little or no alteration takes place in the weight of the 
testes, the Sertoli cells show an increase in their number and in 
their content of lipid. 

3. Marked hypertrophic changes occur in the adrenal— similar 
to those already noted by others — while the anterior lobe of the 
pituitary may exhibit, although not constantly, an increase in size 
and in the number of chromophobe cells. 

4. The atrophic changes in the accessory organs are reversed or 
annulled by treatment with testosterone propionate or with serum 
gonadotrophin, and by implantation of fresh pituitary glands and 
are less pronounced in animals maintained on a high protein diet 
supplemented with the vitamin B complex. 
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found in^the control animals did not differ from those 


two sarcomato and four carcinomata of the lungs. 
■\\Tien the results were collected it was clear that the 
administration of maleic hydratide by mouth or by 


to 0-001 itf, maleic liydrazido had no effect on mitosis 
or cell division in tbo mouse epidermis. 

Alaleic hydrozide was also tested upon skin ‘from 
tho guinea pjg’g oar grown in tissuo culture in a 
medium containing serum, glucose, Krebs-Ruieer 
lAospliato and streptomycin hydrochloride. Up to a 
eouoentnitioii of 0-01 M, maleic hydrazide h^ no 


Table 1. Tsst ro» Caici’coai’Uc Psoputttts or Miiwc BTomiDS os Ran ajro Mrc* 


Sex 


Croup C = Control 
T - Treated 
Numbers; 

1. Start 

2 alive at S2 weeks 

3 Alive at 100 weeks 

4 Ulstologleal exam* 
Inatton 

5 Autopsy only* 
Average autvlvalf 

(weeks) 

Range 

Cain Id weight! fgm. In 
first S3 weeks) 
Tumours 
kUUgOSDt 
TirmpAoma 
Benign 


Benign 

TOUI 


, Rats 

Injectlott Feeding 

^ mgra /kgmjbreek 1 per cent maleic hydraside 
Bale Female SXale Female 


SS-Oa 7-90 01-99 62>93 
400 300 SOO 220 


17-93 20-90 a-«3 33-90 
272 203 177 103 


, Injection Feeding 

^ mgm /Itgm /week 1 percent malelehydrailde 
Bale Female Bale Female 


72-91 57-39 73-93 71-39 


rr-OS 79-99 19-pr 77-93 


many mice aulotysis was too fsr advanced to make hUtoIogIcal examlnatloD worth while, 
t The lurvlvtl time or those aolmals that died In less thao 100 weeks 

t Rats receiving the diet u a powder grow lees rapidly and do sot r«sch the final weight of those ncelrlBg the diet as cubes. 


weekly injection to rate and mice over a period of 
two years had not resulted in any increase in tho 
incidence of tumours (Table 2) In this expcrimont, 
twenty-nino rats received weokly subcutaneous 
injections of malcio hydrazide, but only one of the 
animals developed o sarcoma at the mjection site. 
Tins contrasts with tho figure of tiireo out of the 
total of fifty-two noted in the preliminary experi- 
ment whicli was carried out on rats of the some stock. 

The possibility that any carcinogenic property 
possessed by maleic hydrazide might be enhanced by 
the administration of a co-caremogon ivas tested by 
applying maleic hydrazide with croton oil to mouse 
skm. Two mice developed tumours out of twenty- 
one treateri, but seven nuce out of fifty-throe devel- 
oped tumouiB with croton oil treatment alone*. 
This finding indicated that maleic hydrazide ha<l no 
tumouT-mitiating action on mouse skm (for definition 
see Salaman and Itoe, Brit. J. Cancer, 7, 472 : I9W). 
Further testa foe carcinogenicity by prolonged 
application alone to mouse skin were not carried out, 
because so far it has been fuimd that all substances 
carcinogenic for mouse skin are also initiators of 
carcmogonosis m tho same tissue. (However, not all 
initiators of carcinogenesis are also carcuiogouie in 
tnouBC skin, though they may be for other tiJsUcs ) 

In a further exi>eriment, jwllets of cholesterol con- 
tammg 21) per cent inaleic hydrazide were implanted 
into tho bladders of mice No tumours developed 
m a group of fourteen mice which survived forty 
weeks'. 

Further work was done m order to see whotJier 
maleic hydrazide displayed any action on growing 
mammalian colls. Large doses (125 mgm /kgm.) wore 
given to rate bearmg Walker tiunoius, but no effect 
on tumour growth or coll mitosis was observed. 'X'lie 
effect on mammalian colls was furtlier examined by 
studying tho development of mitosis m fragments of 
mouse oar epidermis grown in ft phosphate buffer 
containing glucose. In concentrations from b-OUOl 


gross or microscopical effects upon the explants. The 
same concentration of maleic hydrazide was abo 
witliout effect upon the respiration of skin ceUs 
studied 2 and 22 itr. after adding the maleic hydrazide. 

An attempt to foUow the metabolism of maleic 
hydrazide in mammab was made in a study on 


T«ble2. semUKT or Tesow roiTXe Is Rats Z5S Uici UCXITI50 
MAZUC TITOUtlDB 


ToiDour 

RaU 

Control Trvntod 

Coolnl Treated 

1 FlbrorplDielUI 



_ 


2. LnopliDiiui 




10 





4. CwdciomAoriuiis 

1 




6. H«n»tOlll» 


— 


1 











8 PitalUrrsSeaoma 





ToUl |ncld<DC« 

9/40 

23/69 

10/10 

16(57 


rabbits. After an oral deso of IDD ingin./kg«i-. 


metabolites such as glucuromdoa or etliorcaJ suijmau'a 
were found, so that the 40 per cent maleic hj-drazido 
uiiaccuimted for may either be excreted slowly over 
long perKxla or else is broken down and destroyed. 

In conclusion, it may be stated with reasoriab/o 
* ' ' - .--I- - without eigmfii'ant 

. larruTials or isolated 

ig evidence against 
, . , . vity comparable to 

• . rhe absence of anj’ 
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I II 104P^ tiusli-iu Jtydmri'li' (I), I j 2 dih)'«lfo- 

pyriilfttitJC'S ; fl «houc. van jiitnulucc*! kh • 

pkifit grosilh ri*pjlat<ir niul Ium nitjcsj fouiwl a numlwr 
w irnjaortanl rmiirm'rf iitl hm'h An a p<'1<.vIiso wtwl 
Killi’f And AM A ilapn'TMini «f plant tjrtiwth tn a s*irn*lj 
of circiitnstAncim, Tim inoilo of Action of tnul^ic 
n>«r.irjclu on tlu, plAiit cs-Il m not t'lonrly un«l<T*»tf»A.| 
ilioru iH poniu osnlonoo lliat it nm.v intrrforo with 
no nii'Ulmliam or nctioii r>{ tJ;c pTrowth 

fi^'iilatarx of plant cclU (nnAin‘<]’ *. 


O 

n 

i; 

mY%ii 
hi! ill 

Y 

ii 

HI 


tho oonvcntinnAl tnstfl iihoil to study mnm- 
”"'*1 toxicity, maloie liydrarnlo appears to bo 
»rt\mlly liarmli'KH, mid large doses aro tolerated by 
^ imcc, guinea pigs, ilogs and lions, 'llio LDM 
*** Btateil to be 4 gm Ihgtn. and rats were 
affectod by n Iife-timu on a diet wliicli eoiitauicd 
of ^ ^ cent iimleie hjdrnzido*. Jn conbrmntioji 
"0 observwl m preliminary ox|K 5 riinents no 
tect on the growtli of young rats rocoiving o diet 
ontamiiig 1 j)er cent mnloio hydrazido. Hie fact 
lat tlio growth of plant colls may bo affected by 
cncentrations of 0-001 {xir cent suggests that tbo 
cticn of maleic hydrazido is in some way Bjicciflc 
or plant, as distinct from iiiamraahaM, tissues How- 
■ver, during tho study of the action of maleic 
‘yorazido on I'tcio Jain roots, Darlington «iid 


futtiid (iiAt the nrrOHt t>f n-ll divi'iion wna 
orc<itn|Mnic<l by chnimosonio breaknge. 'I hey not*“il 
timt ninleio hjdrazhle rausoM breakage of the Iietcro- 
rliri'matiti of the plant tvlLc, whenvis .''L-ra\H bn-ak 
only tlie eiiohrofnadii. \evertheh‘*w, tho> O'lndudi'^l 
AH follouA: “Since nearly nil chrotn'wotno Im-akiiig 
nceiita Jinve ►«> far prove*! to lx* rane*^ proihn-ing lui 
Well, we miwt hojio that tho agririiltiiml iis<* of this 
new agent will nut bo enixnimgtxl Ix-furo Kuitalile 
textA Arv tnnile**, 

Uhal follnW'A in n HtiniinAry of the work that hna 
Ihvii clone aiiico tho nixive iMtnmiinieation apjx'unxi, 
III Aiintb'ifipttosli'iw whether or not nialotc hydrazido 
layifceHtfW iiiiv cnrcmogeiue pnijoTtiew for niaininniian 
tiHSiK'd. Ill the Jimanwhile, the watTUng had lieeii 
taken very nerioiixlj by niakers and iiheth **r malcie 
liydmride in Untain, and the u-'-a of ipnUie hydrazido 
iiAx Ixx-n n'^tm to*! to sitiinlionc wliem (Mntaininntion 
«>f f.xxl (nijiM w*»iiM not tx-etir NovcnhcIiH.-*, tlioro 
ATv |Hitentinl iiMM for maleic hydrazido in niippreaHing 
Apronimg of xlorixl vegetabli'x. for example, where 
fiMni contAinination might lake place. .\{virt from 
tlio x)x-eifir pnddem as it ndates to rnalejc hy'drazide, 
thix nrcoimt illuxtrates some of the (hflieiiltie4 of 
nccimitdating s.iliHfnetory ovidenev m onlcr to sub- 
Mtantinto the iM-gntive itsHertion that a given (Utb- 
SlAIWX* It net It ( iireiiiegcii 

t>iH»nnfb'r l>arlingt«>nnnd .MrJyeish’Hcetnmimuntion 
np{n*are<i, ox|>erimeiitM were su»rt«'»l at tin* I’liestei 
Ifentty Jb'xearch Inatitiito in wlnclisehitioiisofimiltMi' 
hydmrido (t c.e. of the dietiuinolaininu isalt, each c.( 
ttmUimuiR Ct nigm i v'erv* myeu-'l MiilK'iitanouvwly ul 
nppfoxiinufelv weekly mter\aL>i for fourteen months 
into ni(x. Of iho total of tifty-twi> niu ku truatotl in 
two oxix-rimeiiU, thn-e (Ievel<>|x>tl sarcomata, vvhorciw 
of (ho eoiitn*!** n-i'i-iviiig saline nonu ilevelujK'ti 
(vimoursJ. Altlioiiph rntx clevelop sari-oina aft«T the 
injo<lioii of foreign mnteriaU, th« mrnienco in this 
{Mirtieiilar ox)MTiment wn.s nnitstially high and a 
further «*xiKTin)ent was planiictt using nita and inico. 

'I lie lesiilte fnun this e.'<ix)riin<'nt aro Biimmnrized 
III 'J'uiilo 1. UruiijM of young iiiak'S and fomoles of 
•Nieli siK-eies wen* given nialeie hydrazido either by a 
wtx-kly sulK-utiUHsais injertion of a dose of 500 
logiii /kgiii. (iiioiKMXHiiimi luitt) in nqueoiLs solution or 
a Mttuidnnl diet (.U/iC’ 41 in jxiwder fonn) 
eoiitniiiing ] ]M'r rent inalem hydnizidu Added os a 
•Iry |x»w«ler. 'ITio exi>orimeiit ran lor 11)0 weeks, 
('ontnd aiiiiimlH rereivud weekly injoetioiiH of tho 
•iiiino veliiiito of saline or the same powdurod diet 
witlMiiit the oildition of maleic hytlrazido. Unless 
p<x<t-inorteiii autolvsis was luivaiice*], inacroscopical 
niid tiiKrom-opical examinations of all the dead 
niiiinuls vtero cameil «nit ^Vs tho majority of tho 
AiiiinAln were ngisl nt tho tiino of their death, they 
sbuwtxl n widn rango of pathological clmnges in their 
organs, particularly in the lungs and kidneys. 

Clearly ninicie hydrazido had no ofTcct on tho 
growth un«l genonil lienitli of the rats or mice. A 
special search was made for tumoiire and many 
iloiibtfiil lesions wero subjected to ejiccial and 
iiidcitendent scrutuiy by two of iis (it. D. J*. and 
1* N. M.) The most common tumours were the 
(lbn>e|>ithclial mammary tumours m tho female ruts 
and lung uitonoinatu ui mice, 'i'heso tumours wero 
of the tyjHM commonly cnemuitered m tho ordinary- 
laboratory Ktrauis of rats aiul mice I’he possible 
malignancy of some of these tumours may be a 
matter of liebatc, but in this oxi>erimcnt tho types 
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Cholesterol as a carcinogen 

By I. HiEOEn 

Chejter Beatty Besearch Institute, Institute of Cancer Research, 

Royal Cancer Hospital, London, S. W. 3 ' 

[Communicated by Sir Ernest Kennauay, F.R.S. — Received 3 January 1957) 

[Plato 2] 

In confirmation of pravioug reports from thia Institute, cholMferol ha* been shown to be 
chTonogoruc. JligWj* punfi^ cholemterol (Schwenk procow), tliMSahed la o/ivo oil by 
heating on the wat«r-lMth, was injected subcutaneously into 224 stock mice. Fourteen 
sarcomas were induced at the site of injection. In one group of these mice, eleven sarcomas 
arose in 115 mice, the percentage when calculated on the number of mice which surs'ived to 
at least thomininial latent period being 14 ^.Tliere is no evidence that purificaticin impairs the 
csrcinogenie potency of cholesterol. 


iNTnODUCTJON 

The evidence tliat purified cholesterol U a carcinogen was put fon\’ard in earlier 
reports from this Institute [Hieger 1947, 1949; Hteger & Orr 1954). 

Further experiments have now been completed wJn'ch reinforce tlio statements 
presented there. Cholesterol purified by the bromination technique of Schwenk 
(1952) was found to give a firoduct which, after one further crjvtalUzation from 
acetone, had no nbsoqition in ultra-violet light above about 230 to 237 mp and 
indeed one batch had no absorption above 225 mp. The purification process used 
for the earlier preparations (described in Hieger& Orr 1954) consisted of six stages, 
viz. acetylation, bromination, dc-brominaflon, chromatography, de-acctylation 
and crystallization. The u v. absorption curve of the resulting purified cholesterol 
fell rapidly in the 225 m^i region and flattened out between about 230 and 2C0 lap. 

SIethop 

If the u.v. absorption curve is accepted as tho principal criterion of the purity of 
the cholesterol, then it would appear that the simpler purification process of 
Schwenk gives a purer end-product. In explanation, it is possible that as the 
purification processes are multiplied, traces of undesirable substances are intro- 
duced increasingly into the material. For the detailed description of the injection 
technique, the characteristics (histology and transplantation) of the tumours 
induced, and of tho results of control tests on solvents in a large series of mice 
(700 animals, see below), see the previous paper in this series (Hieger & Orr i9S4)' 

The cholesterol purified by the Schwenk process (which will now be referred to 
simply as ‘Schwenk cholesteror) has been tested for carcinogenic activity upon 
224 mice. These were divided into two groups: (a) a series housed in the ‘hydro- 
carbon-carcinogen*free room’ (where no sucli compounds were in use), and (6) a 
senes kept in the ‘carcinogen room’ where some other e-xperiments were being 
carried out which involved the use of potent carcinogens, cliiefly 3:4-benzpyrene. 

[ 84 I 



lipnificAnily pnwt<>r namW of tiimoum- in nwlo or 
fetOAlo reUi lind inlco rrcrivinp nuilrlo hydnitUlo by 
two routo* o\*cr n |K>rifxi of two yrnra nuikon it 
improboblo Uini it w ovoji a woftk cArcmoRon for th<'iK'> 
upociM or tlmt ootuo tnrtAbolito of imdoic ii)idmciiIo 
b(w ivny tilcli rfft'ct. A furlln’f ulmly of Ui« mmlo of 
Action of mnlpio hj*dfiu:ulo on pliujt crlLi cnny jw'rhin*^ 
u%pntu5lly 1k>!j> m to nniJrmiAnd \vl>y iho chnmio- 
»nmca of pliuit colU but not tlxMO of tiu\minAbiui 
will oro broken when colU nro net***! on by mnloio 
h)Tlmxiile, Moniiuhilo, it iiuenui rrmionnblo In rlAim 
thnt proper UwtA havni uuw Uvn iniule, nnd tho wnpht 
of ovjdcnro pmvidwl by tho r\'«*ullji <'f thcfto tenu w 
that inaU'ic li>dmzid<i liivs no c.ircinoprnie |»tTiperti<H. 


Wo with to thank Mr. C. 11. Kennedy {Medical 
IbMc>.irvh Council Toxicnlt»Rj' Jtosearcli Unit) for his 
wiirk in inarntnlnlng tho lonp-t-nn experiment on 
ram nnd muct*. Mwvs. Whilfen kindly supplied a 
s|««cinUy purdie<l siHlium aalt of malcic hydraztdo fur 
tho oxp«‘rimenl. 

* A. O.. and KIdo. W. 1(.. IK. 0 (I9JI) 

* WMrwi'f, r K., »«**! Dlmood. A. B . Srtfivt, 117, U (|Pi3» 

* fnxn Natifatock Clirmirat l&i«nutlona1 h'rw Vort 
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Cholesterol as a caTCtnogen 


Results 

Unfortunately, an epidemic broke out in the non-earcinogen room and some 
hundreds of mice were lost, including those injected Tvith Schwenk cholesterol, 
but not before sarcomas had developed m three of them, and had been proved 
histologically (seefigitres ito4,plat©2). The latent periods of these three (8J, 9 and 
10 months) were unusually short for cholesterol-induced tumours. The epidemic did 
not spread to the ‘ carcinogen room’ where the series of mice injected with Schwenk 
cholesterol had a reasonably liigh survival rate (although not as high as in some 
other series in this room). Altogether eleven sarcomas were obtained in this series, 
the first three of which appeared after short latent periods (9J, 1 1 and 1 1 months). 


Table I. Sabcojia ikduction ik stock mice by htohly purified 

CHOLESTEROL (SCHWENK PROCESS) IN OUVE OIL 

% mcidfnc© 
of s&rcomM 
per lOO njjco 
caleulftiod on 

DO. of JDJCO 


Mpl, loestiOR 
t 'flon‘Cwci* 
nogen room ’ 


survival rato (months) 


at 

sUrt <J 0 12 15 le 21 24 27 

109 107 102 (all mtee epidemic) 


no. of latent 

sar- penod 

oomas (months) 

3 8), 9. ID 


at 

rruntmal 
at latent 
start perifxl 


2 'eoretDogen 
room 


115 DO 84 CO 33 22 10 li 


0), n. 1). 16. IT, fi5 U 
17. 18, 20.22. 

22, 23 


For compaTiMn: a trwlt on stock m'lco in tho 'enremogen rtwro' «»me commercial cholesterol m olix’foil 
3 ‘carcinogen lOO — — 75 04 45 32 10 2 8 11.12.10,16,1?, 8 107 

room * 24 


• For A tlelailed description of tins term so© Jlieper A Orr (i9S4)- 
t The Hgurm for this experiment have been reporteil proMomly (Hiecer A Oir 1954). 


The close similarity of the latent periods of the two sets of three sarcomas (i.e. the 
f'cnes in the carcinogen room and in the non-rnreinogen room) lcnve .1 no tioubt at 
bH that had tlio epidemic been avoided, the subsequent history of tumour ticvelop- 
ment in the non -carcinogen room in mice injected with Schwenk cholc.^terol would 
have resembled closely that of the pamllcl series in the carcinogen room. The data 
tn table 1 show flic yield of sarcomas and the surt’ivnl rate for the two series, and 
for comparison the corrcs|>on<Hng figures for a test of unpiinfied commercial 
cholesterol. 

The similarity <if the resnlts of ex]>eriinent.s 2 and 3 (table I) sJuiws that tfje 
solutions of commercial and of highly ]>iinfie<| eholesteml Jiave mtich the same 
carcinogenic potency, and suggests slrtmgly that cholesterol prrfr is the r.areinogru 
m commercial chole*.(cro!, for here the k«i<l ofK»!\fnt, strain of ntire and environ* 
menl ^lere kept constant in the«e l«o experiments. Altrnmtirely, if the im* 
mrxiiate Mreinopeu is pro<!uee<I tn eiro from rljtiWteml. it is rliolr^trrol which is 
the p.arvnt comiMiund ami not some nwH'ialctl s«1>stD«ce prr*^nt ns iuspnnly in 
commercial cholestentl. 



Cholesterol as a carcinogen 

resistance of certain groups of mice to the carcinogenic stimulus of cholesterol, and 
for the pronounced response of other groups. The foregoiqg results support the 
follou’ing conclusions: 

(1) Approximate!}' 10% of mice (Stock or Cj,) sim’iving a minimum of one 
vear, ullimatcJj' develop sarcoma at the site of injection when injected sub- 
cutaneously with a solution of cholesterol in olive oil prepared by heating on the 
water-bath. 

(2) Purification of cholesterol (as j’ndged by u.v, absorption) docs not impair its 
carcinogenic activity. 

(3) Housing mice in the same room with others which are being treated with 
3:4-benzp3Tene does not introduce a serious risk of contamination. 


Tests ok cosipovKos helated to cjiolesterol 

In the earlier stages of this investigation, before solutions of purified cholesterol 
had been shown to have carcinogenic activity, and even before commercial chole- 
sterol had been tested, sarcoma induction by the unsaponifiablo fraction of human 
organs (liver, Jung, kidney, muscle) suggestwl experiments carried out between 
1241 and 1940, to test some members of the steroid group of compounds. Later, 
when such tests had given negative results, one was led to infer that cholesterol 
per ee might be the essential carcinogen in the unsaponifiablo fraction. 

In tabic 3 arc sltow'ii the results of the tests on compounds related to cholesterol. 
None of the steroids tested showed appreciable activity as carcinogens, but of 
course the number tested represents only a small fraction of all those which are 
now available. With regard to cxiienments 10 and II (deo.xyehoUc acid and 
sodium deo.xycholatc). the single sarcomas obtained in each test show that the 
activity of these preparations is of the same order as that of the solvents. Fieser, 
Bischoff and co-workcra (1946, 1954, *955, *955) have prepared a number of 
oxidized derivatives of cholesterol which arc being tested. 


The bole of solvskt 

Only oily solutions of cholesterol have shown carcinogenic activity; no tumours 
were obtained in an experiment wJierc a suspension of cholesterol in a 4% geldtin 
gel was used. As far as these te.sts go it would appear that the oil is a necessary 
part of the inj'ection material. The control tests totalled about 700 mice treated 
with olive oil or lard which Iiad been heated on the boiling water-bath; two 
sarcomas were obtained with these oils. Similar low orders of activitj’ have been 
reported b5’Bischon'(i955), by Steiner (1943, i947)andbyotherworker8. Burrows, 
Hieger & Kennaway (1936) found that lard gave seven sarcomas and olive oD one 
sarcoma in 198 rats, but no tumours in 230 mice Hartwell’s h/bZiography 
of compounds which have been tested for carcinogenic activitj’ describes some 
hundreds of te.sts with the female sex Iionnoiies. The great maj’ority of these w ere 
carried out witli olive oil or sesame oil ns solvents, j’et in only one or two cases did 
the hormones dissolved in oil induce sarcoma. The above facts show that olive 
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I, Hieger 

The high incidence of sarcomas in expeidments 2 and 3 in table 1 — high, that is, 
for this type of carcinogen (cliolesterol-ricli preparations have in some of our 
previous experiments shown a much lower production of sarcomas) — cannot be 
easily explained away on the grounds of contamination by 3:4-benzpjTene con- 
veyed from other mice in the same room (‘carcinogen room’) wlxich were being 
treated with these compounds, for the follo^ving reasons: 

Table 2. Saecojia induction in mice by injecttion op commebcial 

CHOLESTEROL IN OLIVE OIL 

sarcoma 














induction 














calculated 














per 100 mice 





no. of 









1 

A , 





mice 


no. of mice surviving (months) 

no. of 

at 

at 

latent 


mouse 


at 

, — 

— 

— 

— 

— «— 

— 


sar- 

start 

1>T. 

I»riod 

expt. 

strain 

location 

start 

6 

9 

12 

16 

18 

21 

24 27 30 

comas 

(%) 

(%} 

(months) 

1* 

c» 

non -carci- 

60 

34 

30 

28 

21 

14 

9 

3 1 — 

1 

1'7 

3-6 

22 



nogen room 













2 

Ci, 

non-carci- 

30 

10 

10 

10 

9 

7 

7 

5 (3 at 25 TQ.) 

1 

3 3 
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18 

4 

C« 

carcinogen 

75 

62 

48 

46 

40 

26 

15 

3 0 — 

4 

65 

8-7 

21.22. 


room 22, 23 

* experiment was reported (Experiment A. Table V) by Hieger & Orr (1954). 

t Eleven mice wore still alive m the 2l8t month of this exponment (no. 3) There can hardly be any doubt 
that but for the epidemic the percentage jield of sarcomas would have been still higher. 

Hieger & Orr (1954) stated that the percentage sarcoma induction (stock mice) 
was 8% in the carcinogen room (CR) and 4*6% in the non-carcinogen room 
(non-CR). If the calculation is made to exclude the mice which did not survive 
I year and were therefore not at risk, the percentages then rise to 10*7 % for the 
CR and 7*9 and 6*4% (two experiments; mean 6*7%) for the non-CR. Taking 
into account the difTercnco between the two percentage yields of tumours, i.c. 

10-7 and 6'7%, and the total number of mice involved in the e.xpcrimont, i.c. 

235, comprising 100 in CR and 70 and 65 (two experiments) in non-CR, this 
difference could not be considered a verj' serious divergence ; at any rate a difTercnco 
of such magnitude might well be incurred by variations in the ‘scn.sitivcne.s.s’ofthc 
mice, a factor about which we know nothing ns yet. For cxnmjile, severnl experi- 
inciita have shown that sarcoma development by cholesterol is more frequent in the 
fitter mice than in tlio«io groups which arc obviously le«s healthy. Four exj>erinipnta 
arc detailed in table 2 to show the difrcrences in sarcoma yield olitaintnl when 
«>ndition<i arc very similar, i.c. when the same material is injected in four separate 
groujwj of mice of the same strain. Thw table illustrates the order of similarities and 
din'ervncT's which can l>e e.%i>ccUsl when a test on the carcinogeriio jHitency of 
cholesterol is nqw'atrsl n iiumIsT of times. 

The author is inclinul to the explanation that some nrnilrntifir^I factor linked 
^ith the health of the mice, or some minor genetic faclor, would account (or the 
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oil, lard and sesame oil* have very low potenc3' as carcinogens; less than 1 % of 
injected mice develop sarcoma. Most probablj’ the oil is necessary* in the process 
of carcinogenesis bj’ cholesterol to ensure solution. 

Table 3. Tests for carcinogenic activity of compounds belated to 

CHOLESTEROL. INJECTIONS WERE MADE SUBCUTANEOUSLY, REPEATEDLY 


no. of tntce at start, and 
Bur\*ivuig during expt. 


expt. 

compound 

how administered 

at 

start 

after 

lyr 

18m. 24m 

27m. 30m 

33 m 

no. of 
sarcomas 

1 

iwcholeatorol 

1&% Bolution in laxd 

10 

9 

5 

4 

0 

— 

_ 

0 

2 

ieolumistorol 

15% Bolution m lard 

10 

9 

4 

0 

_ 

_ 

_ 

0 

3 

chotosterylene 

(15 %) saturated bo1u> 

10 

5 

5 

3 

2 

] 

_ 

0 


choleaterylene not 

lion m lard 

10 % solution in lard 

to 

9 

7 

2 

1 

0 


0 

4 

purified 

ergosterol 

15% fiolution in lard 

10 

10 

3 

0 

_ 



0 

0 

A-^cholestone 

15% solution in lard 

to 

9 

4 

3 

2 

0 

— 

0 

0 

T-dehydrocholeaterol 

15% solution m lard 

10 

10 

7 

2 

2 

0 


0 


7.dohydrocholosterol 

15% solution m lard 

10 

9 

4 

0 

— 

— 


0 

7 

epichole8lorol + 

15% solution in lard 

10 

9 

8 

3 

3 

2 

0 

0 

8 

alloeholesterol 

Tdiydroxyeholesterol 

16% eolution in lard 

20 

14 

6 


1 

1 

1 

0 

9 

{mixture of 7 (a) 
and 7 (/5)) 
lathosterol 

10% solution in 

60 

37 

23 

5 


0 


0 

10 

deoxyeholic acid 

olive oil 

1 % suspension in 

73 

34 

21 

C 

1 

0 


1 * 

11 

KaKleoxycholftto 

olive oil + triateann 
(5:1) 

1*2 e cholf?st<*rol + 

62 

44 

26 

C 

0 



It 



60 mg deoxycholato 
+ 12 g oliio oil*i- 
tristeorin 

* C|j mouse latent period; 
t C|T mouse qF, latent period; 

; 21 months. 

; 18 months. 
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neoplastic growths, as we know, arise in organs of the endocrine 
system or else in organs under its direct influence. They are 
composed of cells which have been stimulated to proliferate 
because of a hormonal imbalance, and in many instances may 
be fully or partially controlled by a restoration of the normal 
equilibrium brought about by a readjustment of the endocrine 
balance. 

Autonomous neoplasms on the other hand, such as those 
which develop in the skin, stomach, lung, etc., arc not under 
direct endocrine control nor can their growth or behaviour be 
influenced by any form of hormonal modification. However, as 
in all biological problems, the dividing line between these two 
basically diflerent types of cancer is not as rigid as might at first 
appear, because a certain number of hormone-dependent 
tumours must obviously give rise to autonomous variants. 

When a tumour becomes an autonomous lesion it is composed 
of permanently altered cells and is freed from its sensitivity to 
the hormonal forces which control the cells of the endocrine; 
dependent tumours. It is of course conceivable that some malig- 
nant growths might be composed of both the dependent and 
autonomous cellular components, and this might explain why 
a hormonal-dependent tumour whose growth has previously 
been inhibited by means of endocrine therapy, will suddenly 
lose its responsiveness to a particular hormone, and become an 
uncontrolled autonomous neoplasm. 

In order to appreciate the first endocrinological approach to 
the cancer problem, we shall have to retrace our steps back to 
May 1932 when Lacassagne, of the Radium Institute in Paris, 
published his classical discovery that the naturally occurring 
oestrogenic steroid hormone ‘Ocstronc’ was implicated in the 
cause of breast cancer in mice. This was the first demonstration 
that a hormone circulating in the blood-stream is capable of 
inducing neoplasia. This experiment of Lacassagne (1932) was 
in fact the foundation-stone in the pathway of endocrine 
carcinogenesis. Since then, great strides have been made in the 
induction, inhibition and prevention of certain forms of endo- 
crine cancer in both man and animals by altering their hor- 
monal environment. 
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Some Anomalies in 
Endocrine Carcinogenesis 

E. S. HORNING 

I T is actually inside a generation since the chemist and the 
biologist have made important discoveries on the causes of 
cancer, which have been responsible for directing researches 
into two main channels. There arc the extraneous agents such as 
the carcinogenic hydrocarbons and the ionizing radiations and 
the inherent agents such as the hormones, then of course there 
are the genetic factors which influence responsiveness to both 
these extrinsic and intrinsic agents. 

1 propose to deal with the induction, control and prevention 
of endocrine neoplasia, and I intend to discuss some of the 
anomalies which I have personally encountered in endocrine 
cancer, because very often by studying the exceptions to the 
general rule we develop a better untierstanding of such elusive 
biological mechanisms. 

I should like to begin by quoting some opening remarks made 
by Dr. Jacob Forth (1955) of the Cancer Research Foundation, 
Boston, at the recent Laurentian Conference on Hormone 
Research and Abnormal Growth. He made the following state- 
ment: ‘Recent studies have strengthened our concept that there 
are two basically different types of cancer, one dependent and 
the other autonomous.’ 

The terms ‘hormone-dependent’ and ‘hormone-independent’ 
cancers were first used by Huggins of Chicago to denote those 
neoplasms which depend upon hormones for their maintenance 
and those which grow independently of them. Dependent 
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Carcinoma of the Prostate Gland 
There is no doubt that an endocrine dysfunction is an etiological 
factor in the cause of prostatic cancer in man, for it has been 
shown that tumours of the prostate can arise by an alteration of 
the hormonal environment. 

In man the growth of most tumours of the prostate can be 
held in check for considerable periods by the adoption ofanti- 
androgcnic measures, as Huggins and Hodges (1941) have 
admirably shown. Tlie induction, however, of prostatic tumours 
in rodents and even in many higher animals constitutes an 
anomaly, for so far there have been no successful attempts to 
produce malignant prostatic cancer in these animals by the 
administration of hormonal agents. A glandular carcinoma of 
the prostate, however, ivas produced by Homing (ipfC), not 
by hormonal administration but by treatment with one of the 
carcinogenic hydrocarbons, namely 20-mcthyl-cholanthrcnc. 
Slices of mouse prostate, which had been carefully wrapped 
around crystals of this compound, were implanted subcutane- 
ously into host mice of the same strain. Some of the prostatic 
tumours whicli subsequently developed were glandular-cell 
carcinomas, but most were of the squamous-cclj variety. It svas 
found that the glandular cancers could all be successfully 
grafted into intact mice, but could not all be successfully g^o^vn 
in host mice castrated before puberty. Some of these tumours 
would grow in castrated mice providing the host animals were 
treated wth testosterone propionate. Later it was found that 
those tumours which were dependent upon the male sex 
hormone for their sustained growth as grafts were glandular- 
cell carcinomas, whereas the prostauc tumours which had 
become hormone-independent and were g^o^v^ng as autono- 
mous lesions had recently undergone squamous metaplasia 
during serial transplantation. TbeglanduIar-ceJJ tumours were 
hormone-sensitive, but once they had undergone squamous 
metaplasia they became androgen independent. These experi- 
ments arc of interest for two reasons. First, because it w’as found 
possible to induce a hormone-dependent tumour in a gland 
under endocrine control with a carcinogenic hydrocarbon, 
without the direct intervention of a hormonal agent. Secondly, 
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Lacassagnc in 1937, Nathanson and Andervoni (1939), 
Cramer and Homing (1938) working independently were 
among the first to demonstrate that the spontaneous develop- 
ment of mammary cancer in some strains of mice could be pre- 
vented, and tlic incidence of cancer in olhcrstrains considerably 
reduced, by early treatment with a hormone antagonist. 


"LYMPHOID — -OESTROGEN 

'BREAST OESTROGEN 

SUB TISSUE— TESTOSTERONE 

OESTROGEN 

■ • UTERUS -OESTROGEN 

''•OVART^«=r-'^^®^®5T£RONE 

GONADOTROPHIN 

.resris oestrogen 

Fic. I. Endocrine carcinogenesis. Diagrani showing site of 
neoplasm together with respomibte hormona} agent. 



In the clinical field Loescr (1940) was the first to use testo- 
sterone in the treatment of breast cancer. In 1944 Haddow and 
his co-workers, relying' on the depression of pituitary function 
and hence the inhibition of ovarian secretion in preference to 
employing a hormone antagonist, were the first to use oestrogen 
for the treatment of breast cancer in women. This treatment 
was confirmed by Nathanson (1947) who found it to be effective 
in post-menopausal women suffering from this disease. Pearson 
( ^955) ^ recent review claims remission in 45 per cent of eases. 

Let us now investigate some of the experimental evidence 
upon which some of this work we have briefly discussed is based. 
It is proposed to discuss the induction of tumours of the pros- 
tate, kidney, pituitary, testes and ovary (see Figure i), and also 
in some instances their prevention by using an appropriate 
hormone antagonist. These tumours have been purposely 
selected because in some instances both their induction and 
behaviour arc anomalous. 
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neoplasia in the male but not in the intact female hamster. This 
work has been confirmed and extended by Horning and W^it- 
tick (1954). The several interesting problems which this investi- 
gation has brought to light are not yet fully appreciated. For 
instance, neoplasms in animals other than the hamster which 
arc induced by hormones and are dependent upon them for their 
sustained growth, generally arise in organs of the body which 
cither belong to the endocrine system or else come under the 
influence of the anterior pituitary gland. Hamsters are the 
exception to this rule in that the kidney, except as a part of 
the body subject to the general stimulaUon of somatotrophin, is 
not directly influenced by the pare anterior. 

These oestrogen-induced kidney tumours possess all the histo- 
logical characteristics of malignant lesions. They arise in the 
cortex in association with either the distal or proximal tubules^ 
and later invade the meduDa and the renal pelvis. They also 
mctastasisc. Secondaries arc seen in the body cavity as well as 
in the lung and liver. 

Another anomaly is that prolonged treatment with oestrogens 
invariably produces pituitary tumours of the pars intermedia, 
whereas in other rodents similar treatment induces chromo- 
phobe lesions of the anterior lobe. 

Absorption Rates of Implanted Pellets 
The differences in absorption rate between' stilboestrol pellets 
implanted subcutaneously in the hamster, desert rat and albino 
rat are illustrated in Figure 3. The absorption rate of the 
hamster is slower than in the other two rodents, and this might 
explain why hamsters arc able to tolerate such large amounts of 
stilboestrol. 

It will be seen in Figure 3 that a deflection in the absorption 
rate of the tablets in each of the three rodents occurs on 
approximately the fourteenth day after subcutaneous implanta- 
tion, at a period when the pellets become encapsulated. Cowie 
and Folley (1945) contend that this falling off is due solely to a 
sudden decrease in the surface area of the pellets. 
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because once the chemical constitution of the prostatic cancer 
cell had altered, it ceased to be dependent on the male sex 
hormone for its sustained growth. This is in fact, to use the 
terminology of Furth, an example of an autonomous variant. 
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Jig. a. Silhouette chart showing dependence of transplantable prostatic 
mouse carcinoma on androgens. 


Here is an endocrine-dependent tumour becoming independent 
of hormonal modification once it had undergone a spontaneous 
cellular differentiation (see Figure 2). Special emphasis has been 
laid on this mouse prostate work not merely because it consti- 
tutes an ‘anomaly in endocrine carcinogenesis, but also because 
this work has recently been confirmed and extended by Dr. 
Mirand (1955) of the Memorial Institute at Buffalo. 


Renal Neoplasia Induced bv Oestrooens 
Let us now pass on to the induction of kidney tumours by 
oestrogen administration in the male golden hamster. One of 
the most interesting findings in the field of endocrine carcino- 
genesis was made originally by Kirkman and Bacon (1949) of 
Stanford University. They fbund that prolonged treatment with 
naturally occurring or synthetic oestrogens induced kidney 
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Even although this kidney tumour has been grafted for several 
years and the latent period has been reduced from nearly, 
twelve months to four weeks, before palpable lesions develop 
this tumour still retains its dependency upon oestrogen for 



Fio. 4. Histogram showing decline in latent period 
preceding growth of graft. 

maintenance as a graft. If transplanted into untreated hamsters 
the tumour will no longer grow. 

These ocstrogen«induced grafted kidney tumours conform in 
their behaviour with many other types of hormone-dependent 
transplantable tumours observed in laboratory animals. Experi- 
ments were therefore undertaken, and arc still in progress, to 
determine whether or not these primary transplantable tumours 
are capable of growing following abrupt withdrawal of the 
hormonal stimulus. Removal of the stilbocstrol pellet from the 
subcutaneous tissues is easily achieved, and is followed by a 
gradual regression of the primary tumours. The regression is 
particularly easy to follow in grafts which have been implanted 
in the tail of host hamsters. The effect of this withdrawal upon 
the secondary and transplanted lesions is still under considera- 
tion. As these kidney tumours arc hormone-dependent for 
their sustained growth, experiments were also undertaken to 
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Fto. 3. Absorption ofstilboestrol in golden hamster, desert rat, 
and albino rat. 

Hormonal Factors Determining Successful Transplantation 
Many unsuccessful attempts have been made to transplant these 
induced primary kidney tumours into hamsters of both sexes 
and of varying ages. The failure of these kidney tumours to 
grow cither as subcutaneous or intraperitoneal grafts was sur- 
prising as they possessed all the histological criteria of malignant 
lesions. 

Consideration was then given to the fact that as the neo- 
plasms are dependent upon high levels of oestrogen for their 
induction they might also be dependent upon the continued 
presence of this hormone in excessive amounts for their main- 
tenance as grafts. After a long latent period the grafts grew only 
in oestrogen prc-trcatcd hosts. 

One of the most interesting features is the long latent period 
^vhich exists between tumour transplantation and the appear- 
ance of palpable lesions. A tumour now in its cightli generation 
of serial transplantation is seen in the following histogram (see 
Figure 4). It will be noticed that the duration of the latent period 
between transplantation and the appearance ofa palpable lesion 
sho\s^ a marked decline in each successive serial graft. 
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Table-J. Prevention of stilboestroNinduced renal tumours in the male 
golden hamster with testosterone propionate 


No. of 
hamsters 

Form of treatment 

Duration of 
treatment 

Results 

20 cJ 

Stilboestrol alone 
(20 mg. pellets) 

101 months 

18 palpable renal car- 
emomas 

2 early cortical tumours 
(not palpable) 

20 ^ 

Stilboestrol +tcsto- 
stcrone propionate 
(20 mg. stilboestrol) 

(2 5 mg. weekly in oil) 

16 months 

No renal tumours deve- 
loped 

1 hamster developed a 
unilateral hydrone- 
phrosis 

20^ 

No treatmerit 

16 months 

No spontaneous kidney 
tumours 


Induced Ovarian Tumours 

We shall now pass on to another anomaly in endocrine cancer. 
This deals with the induction of ovarian tumours following 
regular administration of the male sex hormone commencing 
48 hours after birth. 

These ovarian tumoun were all theca*ccll lesions and were 
induced in albino rats eighteen months after the commence- 
ment of treatment. These tumours are of interest for two 
reasons; first because the ovary itself is a target organ of the 
endocrine system; and second, because testosterone has never 
been seriously regarded as a potential carcinogenic agent, 
although Lacassagne (1939) had claimed that repeated inocu- 
lations with the male sex hormone, under strictly controlled 
conditions, induce subcutaneous sarcoma. 

Hormonal Imbalance in Man 

I pass now to the possible association of breast cancer in man 
with a spontaneous hormonal imbalance. It is established that 
in women the ovary, although not the sole source of oestrogen 


oestrogenic hormones. 
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determine if tumour formation could be prevented by simultan- 
eous treatment of the host with stilbocstrol and its antagonist, 
testosterone propionate. If renal neoplasia could be prevented 
by this means, this would be additional evidence of the endocrine 
nature of tumours arising in a gland which is not under the 
direct influence of the endocrine system. 

Prevention op Stilboestrol-indoced Renal Tumours 
WITH T^tosterone Propionate 

The set up of this experiment was simple. Sixty male hamsters 
all twelve weeks of age were divided into three separate groups, 
each consisting 'of twenty animals. The first group were treated 
with stilbocstrol alone, the second received combined treatment 
with stUboestTol and testosterone propionate, and the third 
group were untreated. 

Examination of Table i shows that with the exception of one, 
all the stilbocstrobtrcated hamsters developed palpable kidney 
tumours at various interv'als up to ten to eleven months after the 
commencement of treatment. All these renal lesions ^vc^e 
bilateral and multifocal and varied considerably in size. The 
size of the growth doe.snot always depend upon the duration of 
treatment. For instance, the single hamster in this group which 
developed no palpable tumour at the end of this period of treat- 
ment, was found at post mortem to possess naked-eye cortical 
lesions in each kidney. None of the hamsters receiving the com- 
bined treatment with stilbocstrol and testosterone developed 
any kidney tumours (sec Table i). The testes and seminal 
vesicles, in contrast to those treated iviih stilbocstrol alone, 
showed no atrophic changes. It will also be noticed that no 
spontaneous kidney tumours appeared in the group of animals 
which received no treatment (see Table i). 

These experiments with a hormone antagonist demonstrating 
conclusively that kidney tumours in the hamster can be pre- 
vented by combined treatment vrith stilbocstrol and testo- 
sterone provide additional evidence that renal neoplasia in tlic 
hamster comes under the category of hormonal cancer. 
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before discussing the general problems of endocrine carcino- 
genesis. 

The production of ovarian tumours in the albino rat following 
massive doses of testosterone propionate was first observed by 
the late Mr. Harold Burrows some years ago at the Chester 
Beatty Research Institute, Recently I confirmed his contention. 
The neoplasms were all thcca-cell tumours. The histogenesis of 
these lesions is obscure, but many workers regard them, and I 
believe quite rightly, as endocrine lesions arising from the 
stromal cells of the ovarian cortex. The results were surprising 
not only because the ovary is a target organ of the endocrine 
system, but also because testosterone has never seriously been 
regarded as a potential carcinogen. What then is the rationale? 

When I discussed these unpublished results at the last 
Gordon Conference in New London, Dr. Engel (1955) said he 
was not surprised since he had recently discovered that testo- 
sterone was converted in the body into oestradiol. Pearson, 
working at the Sloan Kettering Institute, New York, contends 
that androgen sometimes accelerates the growth of mammary 
cancer in women, which he attributes to the possible conversion 
of androgen into oestrogen. The reason why progesterone 
occasionally stimulates instead of inhibits tumour growth in 
women might likewise be due to the same cause. 

In view of these results, the recent work of van Eck and 
Chang (1955) is of direct interest. They found that ovarian 
tumours in rodents develop more readily in testosterone-treated 
X-rayed mice than they do in X-rayed animals \vhich have not 
been treated with male sex hormone. When considering that 
after injection androgen might possibly be converted into 
oestrogen, the known capacity of the gonadal hormones to 
stimulate mitoses of fibrocytes should also be taken into con- 
sideration. 

If this conversion does occur in vivo, then it should be possible 
to induce renal neoplasia in the hamster by prolonged treatment 
with the male sex hormone alone. These experiments are already 
in progress. 

We have also seen in the case of the hamster that continuous 
administration of oestrogen can induce kidney carcinomaln an 
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Ever since Price in 1941 by grafting the ovaries of rats on to 
the cars of Utter mates demonstrated that the difference in tem- 
perature stimulated the secretion of androgens instead of 
oestrogen, it has been shown that under certain conditions a 
reversal of sex hormone secretion can also occur in the testis. 
Bielschowsky (1954), in an ingenious experiment on induced 
cryptorchidism in rats, has demonstrated that the interstitial 
ccU-stimulating hormone of the pituitary leads to a hyperplasia 
of the Lcydig cells of the testis, which are normally associated 
with the secretion of androgen, but which do under these con- 
ditions elaborate oestrogens in sufficient amounts to induce 
proliferation of the mammary epithelium in the operated hosts. 
These results ofBielschowsky arc ofinterest when examining the 
testes of men with breast cancer. There are indications that 
these breast tumours may have developed as a result of a 
hormonal imbalance. Frozen sections were cut off the testes 
after they were imbedded m gelatine. They were then stained 
with Sudan IV. 

The cells of the adrenal cortex, the theca inicma off the ovary, 
and the interstitial cells of the testis all contain lipids in their 
cytoplasm w'hich are associated with the formation and storage 
of steroid hormones. A large part of the lipid is in the form of 
cholesterol which gives a positive reaction to the Licfacrman- 
Burchardt test. Fat soluble dyes like the Sudan series stain the 
total lipid and naturally do not distinguish between specific 
steroids. Cyiologicai examination of these human testes from 
men with breast cancer showed abnormal increase in the num- 
ber ofthe Sertoli cells in the seminiferous tubules and a marked 
proliferation of the Lcydig-cell tissue. Whether or not the 
abnormal amounts of steroid hormones elaborated by the testes 
in these instances initiated breast cancer and can be regarded, 
as Br, Furth would say, as the intrimlc agent in the etiology of 
the disease, can only ^ regarded as a matter of speculation. It 
does, however, warrant further examination. 

Discussion 

Let us briefly review some ofthe anomalies we have encountered 
in the induction of tumours of die ovary, prostate and Udney 
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One of tlic most fascinating features of endocrine tumours is 
their dependence upon a particular hormone, and the dramatic 
manner in which many regress once the hormonal stimulus is 
withdrawn. In the case of renal neoplasia in the male hamster 
we find that changes produced by oestrogen are reversible and 
last only as long as oestrogen is available to maintain the 
tumour. Another feature of interest in hormone-dependent 
transplantable tumours in laboratory animals is the long latent 
period which exists between implantation and the development 
of palpable lesions. As we have seen the latent period is gradu- 
ally reduced during each successive serial generation of trans- 
plants, These renal tumours arc now in their eighth serial 
generation, and arc still hormone-dependent since they will not 
as yet grow in non-ocstrogcmzcd hosts. This is of exceptional 
interest, as there is a tendency for most endocrine-dependent 
neoplasms growing in experimental animals gradually to lose 
their dependence upon a particular hormone after they have 
been transplanted for several generations. There are only a lew 
exceptions to this rule. Miihlbock (1954) in Amsterdam induced 
a rodent ovarian tumour by administration of pituitary gonado- 
tropliins. This particular tumour is now in its fourth year of 
serial grafts and is still dependent upon cither androgens or 
ocstrogens for its maintenance. There arc no indications that it 
will develop into an autonomous variant. 

Tlie question naturally arises as to whether the oestrogen acts 
directly on the tumour cell of the graft or whether the hormone 
brings about changes in the pituitary gland which in turn 
indirectly stimulate the latent tumour cell into its malignant 
phase. The long periods in which these tumour cells remain 
quiescent as subcutaneous grafts suggests that the pituitary 
might possibly be involved. In view of this, normal untreated 
male hamsters are now receiving transplants of pituitary 
tumours prior to the implantation of kidney carcinoma grafts. 
If these renal grafts will grow in non-oestrogenized hosts bearing 
pituitary tumour implants, it would give valuable information 
on the biological mechanism controlling the behaviour of 
hormone-dependency. 

Although the induction of hormone-dependent prostatic 
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organ which is strictly not a member of the endocrine system 
and moreover does not come under the direct control of the 
anterior lobe of the pituitary gland. Furthermore, these kidney 
tumours are hormone-dependent lesions since the tumours 
regress following abrupt withdrawal of the hormonal stimulus, 
even although they are capable of metastasising via the lym- 
phatic pathway. The induction of kidney tumours in the 
hamster is an interesting exception to the general rule, since 
other species of rodents after similar treatment never develop 
renal carcinoma. Preliminary experiments still in progress sug- 
gest that the liver of the hamster differs from that of the rat, 
mouse and guinea-pig, in that it is unable to cope adequately 
with the inactivation of oestrogens. Also other experiments have 
demonstrated that the renal epithelium of the hamster is en- 
dowed with a peculiar susceptibility to renal neoplasia. The 
results obtained with stilbocstrol suggested the possibility that 
kidney cancer in the hamster might possibly be due partly to 
absorbed chemical carcinogens acting selectively on the renal 
epithelium during excretion. This contention was strengthened 
by the fact that kidney tumours could be induced in the hamster 
by subcutaneous injection at a remote site with 3:4 benzpyrene, 
while none developed in albino rats following similar treatment. 
It was of further interest to record that this particular carcino- 
genic hydrocarbon has been shown by Cook and Dodds (1933) 
to possess oestrogenic activity. 

Another peculiarity about the hamster is the development of 
tumours of the pars intermedia, whereas other rodents fbllo^v^ng 
oestrogen treatment only develop chromophobic lesions of tlie 
anterior lobe of the pituitary. Taking into account this unique 
response of the hamster pituitary to oestrogen treatment, experi- 
ments arc being undertaken to determine whether kidney 
tumours could develop in the absence ofa functioning pituitaiy. 
Necrosis of the pituitary gland in normal untreated liamstcrs is 
produced by inserting radio-active seeds into the hypophj’sis via 
the trans-nasal route. This should determine whether the action 
of oestrogen in the hamster is a direct or an indirect cfTcci. This 
would >ncld additional inrormation on the mechanism of renal 
tumourigcncsis in these animals. 
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known tumours either in animals or in man to ascertain by 
histological methods whether a particular tumour is hormone- 
dependent or not. Huggins, however, does contend that any 
breast cancer which has undergone anaplastic changes is invari- 
ably more resistant to hormone therapy. 

Ever since Huggins and Scott in 1945 first used gonadectomy 
combined with bilateral adrenalectomy for controlling the 
growth of breast and prostatic cancer in man, many attempts 
have been made to find some method by which it would be 
possible to predict before operation whether the tumour was a 
hormone-dependent lesion. A promising step has been made 
recently by Pearson (1955) and his co-workers in New York. 
They found that measurements of urinary calcium excretion in 
men with prostatic cancer revealed the existence of hvo kinds of 
osteolytic metastases: one dependent on oestrogen and the other 
non-dependent. It is the former type of patient who responds to 
adrenalectomy which reduces oestrogen production and thus 
brings about a remission of tumour growth. Additional investi- 
gations may well confirm these findings and establish the value 
of urinary calcium determinations as a guide to the form of 
therapy to be taken in prostatic and breast cancer. 

Recently Hadfield (1956) has also been studying methods by 
which it is hoped to determine beforehand whether or not 
patients with breast cancer possess hormone-dependent tumours. 
This author is of the opinion that breast tumours are more likely 
to regress when the production of oestrogen is diminished and 
the output of gonadotrophin in the urine is increased. He claims 
to have identified a mammatrophic factor from human urine. 
This factor has no oestrogenic activity, and it is not apparently 
found in the urine after hypophysectomy. Hadfield admits that 
the mammatrophic substance present in human urine is pro- 
bably prolactin. It is known that the prolactin content of urine 
goes up during parturition and it rvill be necessary to distinguish 
between prolactin urinary output occurring normally at various 
times and ages from that which they claim to be indicative of 
breast cancer. If these tests can be made truly reliable for the 
clinical detection of hormone-dependent breast cancer, treat- 
ment by hypophysectomy would be established on a firmer basis. 
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tumours in mice by treatment with a carcinogenic hydrocarbon 
alone tvithout the direct application of a hormonal agent, as we 
have just seen, constitutes an anomaly, some information of 
interest was brought to light regarding the factors regulating the 
behaviour of the malignant cancer cell to the male sex hormone. 
As long as the prostatic tumour cells remains a glandular cell 
carcinoma it is hormone-dependent, but as soon as it undergoes 
squamous differentiation it ceases to be dependent upon andro- 
gen for its sustained growth and immediately transforms into an 
autonomous lesion. The question therefore arises: Does the 
endocrine-dependent cancer cell differ in its chemical compo- 
sition from the autonomous malignant cell which has lost its 
responsiveness to the hormone- restraining forces? In other ivords 
does this change from dependency to autonomy involve any 
fundamental change in cellular chemical patterns and meta- 
bolism? Unfortunately, these questions cannot be answered 
since the normal mechanism of hormone action is not yet fully 
understood. It is thought that hormones constitute an important 
set of enzyme-regulating factors whose mode of action might be 
elucidated by the study of hormone-enzyme relationships. Nor 
as yet is anything known as to how a hormone acts in producing 
an abnormal cellular state. 

Until this problem is more fully appreciated, it will be impos- 
sible to comprehend the factors involved in inducing an endo- 
crine-dependent cancer to develop spontaneously into an unre- 
strained growth or autonomous variant. In the particular 
mouse prostatic carcinoma which I have mentioned, the cancer 
cell before it metamorphoses from a hormone-dependent into 
an autonomous lesion undergoes a pronounced cellular differen- 
tiation, and by histological examination it is therefore possible 
to predict beforehand the response of this tumour transplant 
to hormonal modification. 

Unfortunately this phenomenon is the exception to the rule. 
Nevertheless it might provide suitable material when one 
endeavours to elucidate certain aspects of this fundamental pro- 
blem. The differences in the behaviour of endocrine and non- 
endocrinc-dcpendcnt neoplasms arc important when thinking 
in terms of chemotherapy. It is not possible in other types of 
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Let me conclude as I began by quoting a pertinent remark by 
Dr. Jacob Furtb. ‘Recognition and adjustment of the hormonaJ 
disturbance in this disease is in fact cancer prophylaxis.* 
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Data is now accumulating on the effects of hypophysectomy 
on patients suffering from breast cancer. Some of these reports 
deal tvith patients having disseminated carcinoma who have had 
an adrenalectomy but have suffered a relapse after varying 
periods of remission. In the last resort a hypophysectomy has 
been done. In several of these cases a further rapid regression of 
the carcinoma has been obtained- In others in which reactiva- 
tion of the growth had occurred, following gonadectomy and 
adrenalectomy, post-mortem examination has revealed the 
presence of accessory cortical adrenal rests. These were appar- 
ently the cause of the reactivation of the growth. Recurrences 
of this kind after a remission, in the absence of ovaries and 
adrenal glands suggests that the anterior pituitary, in attempt- 
ing to maintain an equilibrium, is capable of simulating the 
hypertrophied adrenal rests to secrete oestrogen in sufficient 
amounts to reaedvate the quiescent neoplasm. Pearson con- 
tends that there is also evidence suggesting that the reoccur- 
rence of some breast carcinomas is due to a pituitary hormone or 
hormones acting in addition to oestrogen. Indeed, accessory 
cortical tissue is not always found in cases which have undergone 
reactivation. One wonders whether prolactin acting alone or in 
combination with other pituitary hormones will not eventually 
be found to play an important role in this complicated story. 

Remission of endocrine cancer, whether obtained by a hor- 
mone antagonist, or by depression of pituitary function by 
oestrogens, or by surgical removal of the gonads and adrenals, 
is only temporary in duration. Sir Stanford Cade (1955) in a 
recent review of one hundred cases states that remission follow- 
ing adrenalectomy and maintenance on cortisone varies from 
several months to three years. Huggins of Chicago, who initiated 
this form of surgical therapy, claims remissions, in some instances 
up to six years. 

There arc many gaps in our knowledge and perhaps more 
concentrated study of some of the anomalies in endocrine car- 
cinogenesis will help in the final solution of this problem. The 
fact that some types of endocrine cancer can in many instances 
be fully or partly controlled by an alteration of the hormonal 
environment of the host is, to say the least, encouraging. 









Reprinted from cancer, Ed. Ra\*en. (London. Buttenvorth, 19S7) 1, 33S-403 


THE GENETIC COMPONENT OF CANCER 

P. C. Roller 


INTRODUCTION 

There are three different approaches to the problem of genelics and cancer. 
Firstly, analysis can be made of those cellular elements which form the physical 
basis of heredity, namely the chromosomes and genes, so that their behaviour in 
normal and malignant cells can be compared. Since the classical work of Hanse- 
mann (1890) it is known that in tumour cells the chromosomes display various 
irregularities the causes of which can be studied together with the possible relation- 
ship between the process of malignant transformation and mitotic abnormalities 
and gene mutation. 

Secondly, a survey can be made of the accumulated data obtained in the study 
of experimental tumours. The analyses of spontaneous and induced tumours in 
animals, particularly in mice, have shown that the origins of mammary carcinoma, 
lung adenocarcinoma, and leukaemia are undergeneliccontroJ. The breeding experi- 
ments carried out by many experts using various strains of mice, have yielded much 
information about the role and the complexity of the hereditary factors involved. 

Thirdly, the possibility of a hereditary basis of cancer in man is considered. 
Pedigrees of families in which several members had cancer, often at the same sites, 
are on record. Can the high incidence of cancer within a family group be taken 
as evidence for a genetic component in the origin of human cancer? 

In this chapter these three aspects are considered and an attempt is made to 
correlate them for they all converge on the problem of the relationship between 
genetics and cancer. 


BEHAVIOUR OF CHROMOSOMES AND GENES 
DURING THE DEVELOPMENT OF CANCER 

hiroduciion 

Cancer (neoplasm) is a malignant growth which is produced, by an excessive 
multiplication of tissue cells. The most important and essential feature of cell- 
multiplication or mitosis is the division and distribution of the nuclear content, 
that is the chromosomes, to the two daughter cells (Fig. 44). As the chromo- 
somes are the carriers of hereditary determinanfs or genes, mitosis constitutes 
the central phenomenon in organic reproduction, genetic continuity and heredity 
(Wilson. 1925). 

The transformation of a norma! cell into a cancer cell is a permanent, iiTe%ersiblc 
event and the change is due to a breakdown in the genetic control of cell division. 
Though this can be initiated by agents of very diverse nature, the results of the 
transformation are similar, that is an uncontrolled cell multiplication. The follow mg 
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